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… is a versatile tool for the prepa-
ration of materials, hard-to-access
compounds, and high-quality single
crystals. However, as is described
by D. B. Leznoff, R. H. Hill et al.
on page 7156 ff. , when high-dimen-
sional Prussian Blue analogue cya-
nometallate coordination polymers
are prepared by this method, it is
also possible to inadvertently pre-
pare magnetic nanoparticles that
usurp the observed magnetic prop-
erties. As depicted by the flow dia-
gram, a much closer look is
required to properly identify the
culprits, which are present in such
minute amounts as to be undetect-
able by conventional analysis
methods, thereby misleading one
to believe the prepared material is
pure and pristine.


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


Metal–Organic Frameworks
In their Communication on page 7136 ff., K.-L. Lu et al.
demonstrate a unique supramolecular system and the suc-
cessful synthesis of two metal–organic frameworks that pos-
sess rare (4,8)-connected scu and a (4,4)-connected pts nets.


Calix[4]arenes
Calix[4]arenes constitute valuable platforms for the design
of sophisticated, multifunctional ligands. In their Full Paper
on page 7144 ff., D. Matt, D. S7meril and L. Toupet
describe how such macrocycles can be used for synthesising
rhodium complexes in which the metal is nestled in a
molecular pocket. When used in olefin hydroformylation,
these complexes result in unusually high proportions of
linear aldehydes, independent of the starting olefin struc-
ture.


Chiral Phosphanes
In the Concept article on page 7108 ff. , D. S. Glueck
describes catalytic asymmetric methods for the synthesis of
chiral phosphanes. These valuable compounds can be pre-
pared selectively by using metal-catalyzed reactions, bioca-
talysis, organocatalysis, and ligand-accelerated catalysis.
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Introduction


Chiral phosphanes are valuable ligands in asymmetric catal-
ysis. Like other chiral compounds, they may be prepared
from naturally occurring chiral starting materials, synthe-
sized by using a stoichiometric amount of chiral auxiliary, or
separated by resolution. These approaches are exemplified
by the syntheses of some historically important C2-symmet-
ric diphosphanes (Figure 1). Kagan/s DIOP was prepared
from naturally occurring tartaric acid.[1] Another natural
product, menthol, was used as a chiral auxiliary in Knowles/
synthesis of DiPAMP; separation of diastereomers 1a and
1b controlled the phosphorus stereochemistry.[2] Finally, en-
antiomers of Noyori/s BINAP were originally separated by
resolution with chiral Pd complex 2 ; more efficient synthe-
ses started from resolved BINOL.[3]


Use of these ligands in asymmetric hydrogenation showed
that valuable chiral compounds could be prepared efficiently
through asymmetric catalysis.[4] The same is true for chiral
phosphanes, for which this Concepts article presents an
overview of catalytic asymmetric synthetic methods, includ-
ing catalysis by metal complexes, biocatalysis, organocataly-
sis, and ligand-accelerated catalysis. Three general ap-
proaches have been reported: 1) chiral building blocks pre-
pared through asymmetric catalysis are converted into chiral
phosphanes, 2) catalytic modification of an organophospho-
rus substrate introduces asymmetry, and 3) the stereochem-
istry of P�C bond formation is controlled in a catalytic
asymmetric process. After an introduction to the first two,
well-established processes, this article describes the ideas
behind the more recently developed third approach in more
detail. In particular, new reactions which exploit the rapid


pyramidal inversion in diastereomeric metal–phosphido
complexes [M ACHTUNGTRENNUNG(*Ln) ACHTUNGTRENNUNG(PR2)] are highlighted.


Chiral Building Blocks through Asymmetric
Catalysis


Chiral diols and alcohols through asymmetric hydrogenation
or biocatalysis : The most successful reaction in asymmetric
catalysis, hydrogenation, was used as early as 1978 by
Fryzuk and Bosnich to prepare the chiral diphosphane pro-
phos via a chiral diol.[5] The [Rh{(R)-prophos}]-catalyzed
asymmetric hydrogenation of 3 gave 4, which was converted
into more (R)-prophos (Scheme 1). As noted by Fryzuk and
Bosnich, this “chirality breeding” means that “in principle,
infinite amounts of chiral prophos can be produced by using
very small amounts of …(R)-prophos.”[5] This theme has
been explored in detail since.[6]


Related chiral diols have been employed to prepare chiral
phospholanes, as in the successful 1,2-bis(phospholanyl)-
ethane (BPE) and 1,2-bis(phospholanyl)benzene (DuPhos)
ligand families.[7] In the original DuPhos synthesis, [Ru-
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metal-catalyzed asymmetric syntheses, are often pre-
pared with compounds from the chiral pool, by using
stoichiometric chiral auxiliaries, or by resolution. In
some cases, this class of valuable compounds can be
prepared more efficiently by catalytic asymmetric syn-
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these synthetic methods, including recent advances in
catalysis by metal complexes, biocatalysis, organocataly-
sis, and ligand-accelerated catalysis.
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Scheme 1. Chirality breeding in Rh-catalyzed synthesis of prophos.


Figure 1. Sources of chirality in some famous C2-symmetric diphosphanes.
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ACHTUNGTRENNUNG(binap)]-catalyzed hydrogenation of b-keto esters, followed
by hydrolysis, gave acid 5, which was converted into chiral
diol 6 by electrochemical Kolbe coupling.[8] Ru-catalyzed
formation of cyclic sulfate 7, followed by nucleophilic P�C
bond formation, gave the target heterocycles (Scheme 2).


Ru-catalyzed asymmetric hydrogenation of diketones pro-
vides a more direct route to chiral diols. In an example of
crossed self-breeding of chirality, a Ru complex of bis(phos-
phetane) (S,S)-8 catalyzed the formation of diol 9, which
was then converted via cyclic sulfate 10 into the other enan-
tiomer of 8 (Scheme 3).[9]


An alternative route to chiral diols, now preferred for syn-
thesis of bis(phospholanes), uses enzymatic catalysis, as in
the synthesis of a hexanediol precursor to Me-DuPhos
(Scheme 4).[10] A catalytic reduction with baker/s yeast
yields the other enantiomer.[11]


Similarly, a chiral alcohol building block for the Josiphos
derivative Xyliphos, which is used in the current largest


scale application of asymmetric catalysis, was prepared by
lipase-catalyzed kinetic resolution of racemic ferrocenyle-
thanol 11 (Scheme 5).[12]


Here, the catalytically-derived stereocenter was used to
control planar chirality in the ligand. Scheme 6 shows anoth-
er relay approach, in which a carbon stereocenter controls
stereochemistry at phosphorus. Asymmetric hydrogenation
of 12 gave chiral alcohol 13. Subsequent intramolecular nu-
cleophilic formation of a bis(phospholane) gave iPr-Bee-
Phos.[13]


Axial or planar chirality from asymmetric catalysis : In a re-
lated approach, building blocks with axial chirality can be
prepared through asymmetric catalysis; P�C bond formation
then yields a chiral phosphane. For example, enantioselec-
tive cross-coupling of bis ACHTUNGTRENNUNG(triflate) 14 with PhMgBr catalyzed
by a Pd–Phephos complex gave 15. Another Pd-catalyzed
coupling, followed by reduction, gave phosphane 16
(Scheme 7).[14]


Planar-chiral building blocks have also been prepared by
asymmetric catalysis. Pd–(S)-PHANEPHOS-catalyzed


Scheme 2. Asymmetric hydrogenation in synthesis of phospholanes.


Scheme 3. Asymmetric hydrogenation of a diketone in synthesis of
ACHTUNGTRENNUNGbis(phosphetane) 8.


Scheme 4. Biocatalytic route to chiral diols.


Scheme 5. Xyliphos synthesis through kinetic resolution of alcohol 11.


Scheme 6. Control of phosphorus stereochemistry by relay from a C
ACHTUNGTRENNUNGstereocenter prepared by asymmetric hydrogenation of 12.
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ACHTUNGTRENNUNGamination of racemic dibromocyclophane 17 gave a mixture
of amines; kinetic resolution yielded unreacted (R)-17 in
high enantiomeric excess (ee ; Scheme 8). Since 17 is a pre-
cursor to PHANEPHOS, which was originally obtained as a
single enantiomer after resolution, this is another example
of chirality breeding.[15]


Modification of Organophosphorus Substrates by
Asymmetric Catalysis


Chiral phosphanes have also been prepared by enantioselec-
tive reactions of substrates which already contain an organo-
phosphorus group. Kinetic resolution and desymmetrization
reactions have been the most popular, and asymmetric C�C
bond formation to introduce axial chirality has also been re-
ported.


Axial chirality by asymmetric catalysis : The axial chirality of
ligand 18 led to axial-chiral biaryl 19[16] through Pd-cata-
lyzed asymmetric Suzuki coupling.[17] After the ee of 19 was
increased by recrystallization, two more steps gave phos-
phane 20 in high ee (Scheme 9).[16]


In a more spectacular approach to axial chirality, two
groups recently reported synthesis of biarylphosphanes by
means of enantioselective [2+2+2] cycloadditions by using
chiral Rh or Co catalysts (Scheme 10).[18, 19] In some cases,


AlH3-mediated reduction of the resulting phosphane oxides
(not shown) gave the desired chiral phosphanes.[19]


Kinetic resolution—synthesis of C- or P-stereogenic phos-
phanes : Rabbit gastric lipase (RGL) was used for kinetic
resolution of b-hydroxyphosphane 21 by selective acylation
of one enantiomer. At 56% conversion, 43% yield of (S)-21
(98% ee) was recovered (Scheme 11).[20]


A similar kinetic resolution gave P-stereogenic phosphane
oxides (Scheme 12).[21]


Hydrolysis of pendant acetate groups in chiral phosphanes
and phosphane oxides was catalyzed by the lipase from Can-
dida rugosa (CRL). Efficient kinetic resolution gave both
unreacted 22 and alcohol 23 in high ee. These compounds
could then be converted separately into the enantiomers of
PAMP analogue 24 as shown for 22 (Scheme 13).[22]


Scheme 7. Synthesis of an axial-chiral phosphane by means of Pd-cata-
lyzed coupling.


Scheme 8. Kinetic resolution of dibromocyclophane 17 by [Pd{(S)-
PHANEPHOS)}-catalyzed amination.


Scheme 9. Synthesis of a precursor to axial-chiral phosphane 20 by
Pd-catalyzed asymmetric Suzuki coupling.


Scheme 10. Rh-catalyzed asymmetric synthesis of a biarylphosphane
oxide by [2+2+2] alkyne cycloaddition.


Scheme 11. Lipase-catalyzed kinetic resolution of a C-stereogenic
b-hydroxyphosphane.
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Desymmetrization—biocatalysis and chemical catalysis : De-
symmetrization of bis(hydroxymethyl)phosphane–borane 25
using Candida antarctica lipase B (CALB) gave a mixture of
enantiomers of 26, enriched in (R)-26, plus over-acylated 27.
Conveniently, the minor enantiomer (S)-26 was acylated to
27 more quickly than was (R)-26 ; this editing process yield-
ed (R)-26 of 92% ee in an approximately 1:1 mixture with
27. The reverse reaction, lipase-catalyzed hydrolysis of 27,
selectively gave (S)-26, so that both enantiomers could be
obtained in enantioenriched form (Scheme 14).[23]


Related desymmetrization of dimethylphosphane–borane
28 has been accomplished by ligand-accelerated catalysis,
providing a new route to Imamoto/s bis-P* diphosphane 30.
Enantioselective deprotonation of 28 with sBuLi and cata-
lytic (�)-sparteine (29), followed by CuCl2-mediated cou-
pling, gave highly enantioenriched 30 (Scheme 15).[24]


The idea behind these results is shown in simplified form
in Scheme 16. The background reaction, deprotonation of 28
with sBuLi, is slow. However, this reaction is accelerated


(and made enantioselective!) by added (�)-sparteine. Cata-
lytic turnover requires loss of (�)-sparteine from lithiated
31; if this ligand substitution occurs more quickly than the
unselective deprotonation of 28, then (�)-sparteine can bind
more sBuLi to deprotonate another equivalent of 28 enan-
tioselectively.[24]


The relative rates of the background and ligand-accelerat-
ed deprotonations may be estimated from the yields of
highly enantioenriched 30 and its meso-diastereomer in the
presence of differing amounts of (�)-sparteine (Scheme 15).
Even better results were obtained with a (+)-sparteine sur-
rogate, for which only 10 mol% of the chiral ligand gave
45% yield of highly enantioenriched 30.[24] Adding an achi-
ral diamine to promote exchange of (�)-sparteine between
31 and sBuLi gave results similar to those in Scheme 15, so
it is possible that the added diamine had no effect.[25]


Finally, desymmetrization of P-vinyl groups by means of
an asymmetric ring-closing metathesis (ARCM) reaction
with Schrock/s chiral catalyst 32 was described in a recent
patent (Scheme 17).[26]


Controlling the Stereochemistry of Catalytic P�C
Bond Formation


A more recently developed synthetic method uses chiral cat-
alysts to control the stereochemistry at P and/or C during


Scheme 12. Lipase-catalyzed kinetic resolution of a P-stereogenic
b-hydroxyphosphane oxide.


Scheme 13. Lipase-catalyzed kinetic resolution of a P-stereogenic phos-
phane oxide.


Scheme 14. Synthesis of a P-stereogenic phosphaneACHTUNGTRENNUNG(borane) by lipase-cat-
alyzed desymmetrization.


Scheme 15. Desymmetrization of a dimethylphosphane ACHTUNGTRENNUNG(borane) by
(�)-sparteine-accelerated asymmetric deprotonation.


Scheme 16. Proposed ligand-exchange pathway for (�)-sparteine-cata-
lyzed asymmetric deprotonation of a dimethylphosphane ACHTUNGTRENNUNG(borane).
(�)-Sparteine is shown as *N�N.
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the formation of P�C bonds. As shown in several examples
below, C-stereogenic phosphanes can be prepared in catalyt-
ic processes in which the catalyst activates either a P nucleo-
phile or a C electrophile and creates an asymmetric environ-
ment for P�C bond formation. A general approach to P-ste-
reogenic phosphanes was developed to exploit rapid pyrami-
dal inversion in catalytic intermediates. Scheme 18 summa-
rizes the idea, which has recently been reviewed in more
detail.[27]


On reaction with the catalyst precursor, a chiral metal
complex, racemic secondary phosphanes are converted into
diastereomeric metal–phosphido complexes 33, which inter-
convert rapidly by P inversion. If this equilibrium is faster
than their reaction with an electrophile, then P-stereogenic
phosphanes 34, in which pyramidal inversion is slow, can be
formed enantioselectively. The product ratio in this dynamic
kinetic asymmetric transformation[28] depends both on Keq


and on the rate constants kS and kR.
[27]


This scheme describes reactions of secondary phosphanes
with several electrophiles, including alkenes (hydrophosphi-
nation), aryl iodides (arylation), and alkyl halides (alkyla-
tion).


Hydrophosphination : In our original report of this approach
(2000), Pt-catalyzed addition of secondary phosphanes to
Michael acceptor alkenes gave chiral phosphanes with P or
C stereocenters (Scheme 19). Although valuable as a proof


of concept, these results were not synthetically useful be-
cause enantioselectivities were low and byproducts derived
from more than one equivalent of the alkene were
formed.[29]


In these catalytic reactions, Pt–phosphido complexes are
formed by P�H oxidative addition to Pt0. P�C bond forma-
tion by nucleophilic addition of the Pt�PR2 group to uncom-
plexed alkenes was proposed to yield zwitterions. Consistent
with this idea, protic additives increased the reaction rate
for some substrates; selectivity was also affected
(Scheme 20).[30]


Nucleophilic activation was also successful without a tran-
sition-metal catalyst in organocatalytic asymmetric hydro-
phosphination of nitroalkenes using bifunctional cinchona
alkaloid/thiourea catalysts (Scheme 21). Although enantio-
selectivity was not high, recrystallization of the borane ad-
ducts of the product phosphanes enabled upgrade to 99% ee
after recrystallization in some cases.[31] Presumably, the thio-
urea binds the nitro group,[32] while the tertiary amine base
mediates proton transfer from phosphorus to carbon; the


Scheme 17. Desymmetrization of a divinylphosphane oxide by Mo-cata-
lyzed asymmetric ring-closing metathesis.


Scheme 18. Metal-catalyzed asymmetric synthesis of P-stereogenic phos-
phanes: P inversion and P�C bond formation. The group E comes from
an electrophile (see the examples below).


Scheme 19. Synthesis of chiral phosphanes through Pt-catalyzed asym-
metric hydrophosphination.


Scheme 20. Effects of the weak acid tert-butanol on Pt-catalyzed hydro-
phosphination of an acrylate. A proposed mechanism for formation of a
zwitterionic intermediate and its protonation by a weak acid HY is
shown ([Pt]= [Pt(Me-DuPhos)], X=CN or CO2tBu, Y=O-tBu).
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ACHTUNGTRENNUNGselectivity improvement observed with isopropanol as an ad-
ditive has not been rationalized.[31]


In contrast to these examples of nucleophilic activation,
[Ni ACHTUNGTRENNUNG(Pigiphos)]-catalyzed addition of secondary phosphanes
to methacrylonitrile gave C-stereogenic phosphanes through
an electrophile-activation pathway (Scheme 22).[33]


After nitrile complexation by the chiral Ni Lewis acid,
free phosphane was proposed to attack the terminal alkene
carbon. Stereospecific proton transfer was then suggested to
yield the product, which could be displaced from the [Ni-
ACHTUNGTRENNUNG(Pigiphos)] binding pocket by more methacrylonitrile
(Scheme 23). Steric congestion at nickel thus speeds up turn-
over for bulky phosphane substrates and also limits possible
catalyst inhibition by product binding.[33]


Electrophile activation in catalytic hydrophosphination
was also reported simultaneously by two groups using an or-
ganocatalytic approach, conversion of an a,b-unsaturated al-
dehyde substrate to an iminium ion by using chiral pyrroli-
dine derivatives and acid (Scheme 24).[34] Workup with


sodium borohydride both reduced the aldehyde and protect-
ed the phosphane as a borane adduct. Although mechanistic
details have not been reported, presumably the catalyst acti-
vates the aldehyde for nucleophilic attack by the phosphane;
a computational study suggested that the bulky organocata-
lyst side chain shields one face of the iminium ion substrate
from attack.[34b]


Activation of both the nucleophile (a Sm–phosphido
group) and the electrophile (a complexed alkene) is presum-
ably involved in the diastereoselective synthesis of phospho-
lanes through intramolecular hydrophosphination catalyzed
by chiral organolanthanides (Scheme 25).[35]


Finally, Pd-catalyzed asymmetric hydrophosphination of
an alkyne under kinetic resolution conditions gave vinyl-
phosphane 37; little is known about the mechanism of this
reaction (Scheme 26).[36]


Scheme 21. Organocatalytic asymmetric hydrophosphination of a nitro-
styrene.


Scheme 22. Ni-catalyzed asymmetric hydrophosphination of methacrylo-
nitrile.


Scheme 23. Proposed mechanism of Ni-catalyzed asymmetric hydrophos-
phination of methacrylonitrile.


Scheme 24. Organocatalytic hydrophosphination of an a,b-unsaturated
aldehyde.


Scheme 25. Diastereoselective lanthanide-catalyzed intramolecular hy-
drophosphination of a phosphinoalkene.


Scheme 26. Pd-catalyzed asymmetric hydrophosphination of an alkyne.
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Arylation of secondary phosphanes : Asymmetric phosphina-
tion of aryl halides with the bulky secondary phosphane
PHMe(Is) (Is=2,4,6-(iPr)3C6H2) gave tertiary phosphanes,
such as 38 (from PhI). A mechanistic study, consistent with
the general Scheme 18, concluded that the major enantio-
mer of the product ((SP)-38) was formed from the major dia-
stereomer of the Pd–phosphido intermediate ((RP)-39), al-
though the minor diastereomer ((SP)-39) formed the product
more quickly (Scheme 27).[37]


A related [Pd(Et-FerroTANE)] catalyst mediated the
enantioselective synthesis of triarylphosphanes. An interest-
ing additive effect was observed (LiBr gave higher enantio-
selectivity than the other lithium halides or Bu4NBr), but its
mechanistic origin is unclear (Scheme 28).[38]


[Pd(Et-FerroTANE)] also catalyzed phosphination of o-
iodo-diisopropylbenzamides with silylphosphanes in the
presence of N,N’-dimethyl-N,N’-propylene urea (DMPU) to
give P-stereogenic tertiary phosphanes in >90% ee
(Scheme 29). Chelation of the “privileged” benzamide O to
Pd (perhaps in intermediate 40?) was proposed to be re-
sponsible for the high selectivities, presumably by affecting
the position of the equilibrium of the Pd–phosphido diaste-
reomers, and/or their relative rates of reductive elimination
(see Scheme 27).[39]


Intramolecular cross-coupling, yielding benzophospho-
lanes, was also possible (Scheme 30).[40]


Formal chirality breeding occurred in the diastereoselec-
tive synthesis of (SP)-41 by cross-coupling of secondary
phosphane 42 with PhI, for which the diastereomerically
pure Pd complex [PdL2(Ph)(I)] (L= (SP)-41, Scheme 31) was


a catalyst precursor. However, ligand substitution at Pd oc-
curred during catalysis, and the structure of the active cata-
lyst (or, more likely, catalysts) could not be determined.[41]


Related asymmetric arylations of secondary phosphane–
boranes are mechanistically distinct, since pyramidal inver-
sion in the Pd–phosphido ACHTUNGTRENNUNG(borane) intermediates is slow
(Scheme 32).[42]


If one enantiomer of the phosphido–borane anion
[PR(R’)ACHTUNGTRENNUNG(BH3)]


� (43) reacts more quickly than the other
with a chiral [Pd(Ar) ACHTUNGTRENNUNG(diphos*)(I)] intermediate, and if inter-


Scheme 27. Proposed origin of enantioselectivity in Pd-catalyzed asym-
metric synthesis of phosphane 38 ([Pd]= [PdACHTUNGTRENNUNG((R,R)-Me-DuPhos)]).


Scheme 28. [Pd(Et-FerroTANE)]-catalyzed asymmetric synthesis of a tri-
arylphosphane.


Scheme 29. [Pd(Et-FerroTANE)]-catalyzed asymmetric phosphination
([Pd]= [Pd(Et-FerroTANE)]).


Scheme 30. Asymmetric synthesis of a benzophospholane by Pd-cata-
lyzed asymmetric phosphination.


Scheme 31. Formal chirality breeding in diastereoselective synthesis of
(SP)-41 catalyzed by a Pd complex of (SP)-41 (Men= (�)-menthyl).


Scheme 32. Key steps in Pd-catalyzed asymmetric arylation of racemic
secondary phosphane–boranes: P inversion and Pd�P bond formation
([Pd]= [Pd ACHTUNGTRENNUNG(diphos*)]).
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conversion of (RP)-43 and (SP)-43 by inversion is slow, kinet-
ic resolution can result in enantioselective P�C bond forma-
tion, as recently demonstrated with a [Pd ACHTUNGTRENNUNG(PHOX)] catalyst
(Scheme 33).[43]


In a variation of the process in Scheme 32, if anion 43 un-
dergoes P inversion more rapidly than Pd�P bond forma-
tion, a similar kinetic preference (kR>kS) may result in dy-
namic kinetic resolution. This was observed, albeit with low
enantioselectivity, in Pd-catalyzed synthesis of PAMP–BH3


from racemic 44 with a [Pd ACHTUNGTRENNUNG{(tBu)-Josiphos}] catalyst
(Scheme 34).[44]


Alkylation of secondary phosphanes : Both [PtCl-
ACHTUNGTRENNUNG(DuPhos)(Ph)] and [RuH ACHTUNGTRENNUNG(iPr-PHOX)2]


+ are catalyst precur-
sors for the asymmetric alkylation of secondary phosphanes
with benzyl halides to yield P-stereogenic phosphanes, in-
cluding chelating bis ACHTUNGTRENNUNG(tertiary) phosphane ligands
(Scheme 35). These reactions succeed because the metal-cat-
alyzed reaction is faster than the achiral background reac-
tion, base-mediated alkylation of the secondary phos-
phane.[45]


In analogy to the Pd-catalyzed phosphination of
Scheme 27, a mechanistic study of Pt-catalyzed asymmetric
alkylation of PHMe(Is) suggested that the major diastereo-
mer of the product, (RP)-45, was formed from the major dia-
stereomer of the Pt–phosphido intermediate, (RP)-46
(Scheme 36).[46]


Similar asymmetric alkylation can be carried out without
a metal catalyst. Deprotonation/methylation of
phenylphosphane ACHTUNGTRENNUNG(borane) in the presence of Cinchona alka-


loid-derived phase-transfer catalyst 47 occurred with low
enantioselectivity (Scheme 37). Presumably ion-pairing of
the chiral ammonium cation with the phosphido–borane
anion is responsible for the selectivity. As in the Pt- and Ru-
catalyzed alkylations, the catalytic pathway must outpace
the background (achiral) reaction. Indeed, the ligand-accel-
erated asymmetric alkylation was at least four times faster
than the analogous reaction using nBu4Br.[47]


Conclusion


Catalytic asymmetric synthesis is a valuable method to pre-
pare chiral phosphanes, themselves key ligands in metal-cat-
alyzed asymmetric reactions. The possibility of breeding
chirality by this approach was recognized early on and has
been exploited frequently since then.


The industrial syntheses of DuPhos and Josiphos ligands
illustrate the use of asymmetric hydrogenation and biocatal-


Scheme 33. Kinetic resolution in Pd-catalyzed asymmetric arylation of a
secondary phosphane–borane.


Scheme 34. Dynamic kinetic resolution in Pd-catalyzed asymmetric aryla-
tion of a secondary phosphane–borane.


Scheme 35. Metal-catalyzed asymmetric alkylation of secondary phos-
phanes.


Scheme 36. Proposed origin of enantioselectivity in Pt-catalyzed asym-
metric alkylation of PHMe(Is) with benzyl bromide, yielding phosphane
45 ([Pt]= [Pt ACHTUNGTRENNUNG{(R,R)-Me-DuPhos}]).


Scheme 37. Organocatalytic asymmetric alkylation of phenylphosphane-
ACHTUNGTRENNUNG(borane).
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ysis to prepare chiral building blocks, which can be further
elaborated to chiral phosphanes. Similarly, asymmetric cata-
lytic transformations of organophosphorus substrates have
also been used to prepare chiral phosphanes, particularly by
means of kinetic resolution and desymmetrization routes.


The most recently developed synthetic method, which
relies on control of the stereochemistry of P�C bond forma-
tion, offers a new way to prepare P-stereogenic phosphanes.
These ideas are promising, but will require substantial fur-
ther development before they become practical approaches
to chiral phosphanes. However, mechanistic understanding
of many of these reactions should assist rational develop-
ment of new catalytic asymmetric transformations.
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1,2-Disilacyclobut-2-enes: Donor-Free Four-Membered Cyclic Silenes from
Reaction of Disilenides with Vinylbromides


Iulia Bejan,[a] Shigeyoshi Inoue,[b] Masaaki Ichinohe,[b] Akira Sekiguchi,*[b] and
David Scheschkewitz*[a]


In 1981 the report by Brook et al. on the first stable silene
1,[1] that is, a compound with a Si�C double bond, contribut-
ed to the change of the paradigm that silicon as a heavier
main group element would not engage in multiple bond-
ing.[2] The unexpectedly long Si=C bond of 1 was attributed
to the influence of the electron-releasing siloxy group
(Scheme 1). The subsequent synthesis of donor-free 2 with a
considerably shorter Si–C distance[3] further supported a
strong dependency of the electronic and topological charac-
ter of the Si�C p bond on the nature of the substituents,
which was later put on a firm theoretical basis.[2c,4] As Ottos-
son and Steel pointed out recently,[2a] the application of the
resulting versatile reactivity of the numerous stable and
transient silenes reported to date is still limited due to the
particular (sometimes forcing) conditions for their genera-
tion: high temperatures or irradiation,[1,5] use of strong
bases,[3,6] or formation of nucleophilic secondary products.[7]


We recently reported the quantitative conversion of disile-
nides 3a,b, disila analogues of vinyl anions,[8] into cyclic si-
lenes 4a–c featuring an endocyclic oxygen atom by reaction
with carboxylic acid chlorides under very mild conditions
(Scheme 1).[9] On grounds of DFT calculations we demon-


strated that the unprecedented significant pyramidalisation
of the silicon atom of the double bond was not entirely due
to the presence of the electron-releasing oxygen atom next
to the carbon atom of the double bond, but also to the in-
corporation of the Si=C moiety into a four-membered ring.
Early theoretical calculations, however, predicted a planar
topology in case of the related 1,4-dihydro-1,2-disiletes, in
which the endocyclic oxygen atom of the hydrogen substitut-
ed parent of 4 is formally replaced by a CH2 moiety.[10]


These 1,2-disilacyclobutenes are particularly interesting syn-
thetic targets in view of the rich cycloreversion chemistry of
their saturated congeners, that is, 1,2- and 1,3-disilacyclobu-
tanes, which under photolytic or thermal conditions frag-
ment into transient silenes and were therefore pivotal for
the development of Si�C double bond chemistry as a
whole.[11]


The recent successful transfer of Si=Si moieties to aromat-
ic substrates by reaction of disilenide 3a with the weakly
electrophilic aryl iodides[12] encouraged us to investigate the
reactivity of 3a,b towards vinyl bromides. We speculated
that intermediately formed vinyl substituted disilenes would
likely not be stable and therefore rearrange to the desired
cyclic derivatives.


Indeed, upon treatment of vinyl bromides H2C=C(R’)Br
with disilenides 3a,b in benzene or toluene at room temper-
ature affords 1,4-dihydro-1,2-disiletes 5a–d in good to excel-
lent yields (Scheme 2). Moreover, reaction of 3b with the
parent vinyl bromide (R’=H) yielded 5e, the first stable
compound with a hydrogen atom directly attached to the
carbon atom of the Si=C double bond.[13,14] All compounds
are thermally stable in the absence of oxygen and moisture
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Scheme 1. Ad=1-adamantyl, 3a, 4a : R=Tip=2,4,6-iPrC6H2, R’=Ad;
4b : R=Tip, R’= tBu; 3b, 4c : R=Si(Me)tBu2, R’=Ad.
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and were characterized by multinuclear NMR and UV/Vis
spectroscopy. Additionally, the structure of phenyl substitut-
ed derivative 5a in the solid state was confirmed by single
crystal X-ray diffraction (Figure 1).[15]


As expected, the NMR data of 5a–e suggest a significant
influence of the substituents on the electronic structure of
the Si=C bond. Trisilyl-substituted disilacyclobutenes 5b,d
show strongly deshielded tricoordinate Si and C atoms com-
pared to those of 5a,c with triaryl substitution of the Si2
moiety (Table 1). Within these two subsets the most shielded
double bond silicon atoms are those of 5a and 5b, respec-
tively, with a phenyl group attached to the Si=C carbon
atom, which may be explained in terms of a reduced polari-
ty of the double bond due to p conjugation with the sub-
stituent. A comparison of the longest-wavelength absorption
maxima in the UV/Vis spectra of 5a,b shows that the influ-
ence of the substituents at silicon on the HOMO–LUMO
gap is negligible (lmax, 5a : 385, 5b : 389 nm). Conversely, the
effect of the phenyl substituent at the Si=C carbon atom is
much more pronounced and responsible for a significant
red-shift (lmax, 5d : 330, 5e : 322 nm), which is widely appre-
ciated as evidence for conjugation.


It is important to note that the half-parent system 5e
offers the unprecedented possibility to study the spectro-


scopic features of a hydrogen directly attached to the
carbon atom of the Si=C bond. While a recently reported
hydrosilene exhibited a 1H NMR shift at d 6.06 ppm for the
hydrogen bonded to the silicon atom of the Si=C moiety;[13]


in the case of 5e a signal at much lower field (7.47 ppm) is
observed probably due to the different electronegativities of
silicon and carbon. This resonance can indeed be unambigu-
ously assigned to the hydrogen at the carbon atom of the
Si�C double bond on grounds of its triplet splitting due to
coupling with the adjacent protons of the methylene group
(3J=4.8 Hz). This coupling is significantly higher than that
reported for carbon based cyclobutenes (3J=0.9 to
1.4 Hz).[16] Conversely, the 1J coupling constant of the “vinyl-
ic” proton to the Si=C carbon atom is somewhat smaller in
case of 5e (153.4 Hz) than the corresponding value of
parent cyclobutene (168.5 Hz).[16c] This observation can be
rationalized in terms of the larger covalent radii of the sili-
con atoms in the ring as compared to carbon allowing for
larger inner angles at the endocyclic carbon atoms, which by
consequence should raise the s character of the C�C bond
in the four-membered ring and hence the spin couplings
through that bond.


Single crystals suitable for an X-ray diffraction study were
obtained in case of phenyl substituted 5a (Figure 1) con-
firming the constitution of a 1,2-disilacyclobut-2-ene. The
Si1–C2 distance of 1.7459(15) O is within the typical range
of Si=C double bonds[2] Even though the four-membered
ring is slightly twisted (Si2-Si1-C2-C1 7.17(9)8 ; Si2-C1-C2-
Si1 �8.69(10)8) the Si=C double bond is essentially planar
(sum of angles Si1 356.2(1), C2 360.0(1)8) in sharp contrast
to the strongly pyramidalized Si=C silicon atom of oxygen
containing 4a–c.[9] The p conjugation of the phenyl group of
5a suggested by the spectroscopic data becomes readily ap-
parent from the co-planar arrangement of the phenyl sub-
stituent with the Si2C2 ring (dihedral angle Si1-C2-C3-C4
5.4(2)8) and the relatively short bond to the ipso-carbon
atom (C2�C3 1.457(2) O). The larger covalent radius of sili-
con compared with carbon indeed imposes small inner
angles at Si1 and Si2 and larger ones at C1 and C2 (Si2-Si1-
C2 80.74(5), C1-Si2-Si1 74.45(5), Si1-C2-C1 103.53(10), C2-


Scheme 2. 5a : R=Tip, R’=Ph; 5b : R=Si(Me)tBu2, R’=Ph; 5c : R=Tip,
R’=SiMe3; 5d : R=SiMetBu2, R’=SiMe3; 5e : R=SiMetBu2, R’=H.


Figure 1. Structure of 5a in the solid state. All hydrogen atoms and disor-
dered isopropyl groups removed for clarity. Ellipsoids at 30% probabili-
ty. Selected bond lengths [O] and angles [8]: Si1�C2 1.7459(15), Si1�Si2
2.3154(5), Si2�C1 1.9191(16), C1�C2 1.536(2), C2�C3 1.457(2), Si1�C16
1.8729(15), Si2�C31 1.9111(15), Si2�C46 1.9056(14); C2-Si1-C16
127.43(7), C2-Si1-Si2 80.74(5), C16-Si1-Si2 148.06(5), C1-Si2-Si1 74.45(5),
C3-C2-C1 121.45(13), C3-C2-Si1 134.99(12), C1-C2-Si1 103.53(10), C2-
C1-Si2 100.43(9).


Table 1. Comparison of selected NMR and structural data of 1,2-disilacy-
clobut-2-enes 5a–e (exptl) and 6a–f (calcd).


Si=C [O] Si�Si [O] SSi [8] d 29Si (Si=C)[c] d 13C (Si=C)[c]


5a 1.746(2) 2.3154(5) 356.2(1) 75.0 155.2
5b – – – 98.6 185.4
5c – – – 112.5 159.6
5d – – – 139.1 195.6
5e – – – 112.5 175.1
6a[a] 1.762 2.305 360.0 85.5 171.5
6b[b] 1.775 2.326 360.0 118.8 201.9
6c[a] 1.748 2.314 359.9 124.8 179.5
6d[b] 1.760 2.338 360.0 166.0 224.2
6e[b] 1.750 2.345 360.0 127.0 193.6
6 f[a] 1.738 2.318 360.0 99.6 153.9


[a] B3LYP/6-31 g ACHTUNGTRENNUNG(d,p). [b] B3LYP/6-31 g(d). [c] GIAO/B3LYP/6-311 g-
ACHTUNGTRENNUNG(2df,p).
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C1-Si2 100.43(9)8) corroborating the above assumption that
was used to explain the observed NMR couplings of 5e.


In order to clarify the electronic nature of 5a–e, we car-
ried out DFT calculations[17] on model compounds 6a–f
(Scheme 3). In previous work on cyclic silenes 4a–c we con-


cluded that B3LYP compared to MP2 overestimates the pyr-
amidalization of the double bond’s silicon atom. Given that
5b exhibited an almost planar coordination environment at
silicon we opted for B3LYP in the present case to avoid un-
necessary simplification of the models, which would have
been mandatory with the more costly MP2 level of theory.
The agreement of calculated and experimental parameters
(Table 1) is indeed good given the still rough approximation
of the experimental substitution patterns. Irrespectively of
the nature of substituents, the Si=C bonds of all calculated
1,2-disilacyclobut-2-enes 6a–f feature a strictly planar geom-
etry. The carbon bonded phenyl groups of 6a,b are almost
co-planar to the double bonds as it had been observed ex-
perimentally in the solid state structure of 5a. The HOMO
of 6a is dominated by the Si�C p bond, but nonetheless
highly delocalized across the phenyl substituent with a little
hyperconjugative admixture of s electron density from the
endocyclic methylene group’s C�H bonds (Figure 2). The
main contribution to the LUMO is procured from the anti-
bonding Si-C p*-orbital, which participates in bonding inter-
actions to both pending phenyl groups.


Additionally, an NBO analysis[19] of 6a according to
second-order perturbation theory provides further support
for an effective p conjugation: the Si=C p orbital strongly
donates into antibonding p orbitals of the phenyl group (p
Si1–C2!p* C3–C4: 19.31 kcalmol�1). The reverse donation
is somewhat less pronounced (p C3–C4!p* Si1–C2:
13.53 kcalmol�1) reflecting the electron withdrawing nature
of the phenyl substituent.


To conclude, we have synthesized a number of donor-free
1,2-disilacyclobut-2-enes with planar Si�C double bonds
from disilenides and vinyl bromides. Derivatives 5a,b show
pronounced p conjugation of the Si=C moiety with the
phenyl substituent. The vast number of readily available
vinyl bromides offers a broad basis for future exploitation of
this new synthetic approach to Si�C double bond containing
compounds. The chemistry of the new silenes, particularly
under photochemical conditions, is currently being investi-
gated.
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N-Bridged Diiron Phthalocyanine Catalyzes Oxidation of Benzene with H2O2
via Benzene Oxide with NIH Shift Evidenced by Using 1,3,5-[D3]Benzene
as a Probe**


Evgeny V. Kudrik[b] and Alexander B. Sorokin*[a]


The ability of cytochromes P-450 and methane monooxy-
genases (MMO) to catalyse difficult oxidations of hydrocar-
bons have inspired numerous biomimetic studies. The prog-
ress in this challenging field deals with the development of
metalloporphyrin-based systems[1] as well as mononuclear[2]


and binuclear[3] iron non-heme complexes. Cytochrome P-
450 chemistry involves mononuclear porphyrin complexes,
while MMO chemistry is based on binuclear iron non-heme
complexes. It should be noted that mimicking of the struc-
tural organisation and spectroscopic features of MMO has
been achieved using diiron non-heme complexes, but no
functional models able to oxidize methane have been pub-
lished.[3a] One interesting possibility is to explore binuclear
macrocyclic porphyrin-like complexes as oxidation catalysts.
However, this approach has not yet been developed.


Our ongoing research is focused on developing clean oxi-
dation processes using phthalocyanine complexes,[4,5] which
are structurally relevant to porphyrins, but cheap and readi-
ly accessible on a large scale. Inspired by the observation
that iron phthalocyanine supported in m-oxo dimeric form
(Fe-O-Fe motif) showed superior catalytic properties in the


selective oxidation than monomeric FePc,[6] we have investi-
gated catalytic properties of diiron phthalocyanines. N-
Bridged binuclear complexes (metal-N-metal motif) consti-
tute another family of dimers. Several m-nitrido dimeric
complexes with different ligands have previously been de-
scribed.[7] To the best of our knowledge, these unusual com-
plexes with interesting properties have never been used as
oxidation catalysts. In particular, the unsubstituted (FePc)2N
dimer, insoluble in organic solvents, contains FeIII–N=FeIV


fragment with one unpaired electron delocalized between
two equivalent Fe sites with formal + 3.5 state as was de-
duced from Mçssbauer data (d= 0.06 mm s�1, DEQ =


1.76 mm s�1 at 77 K).[7b]


We have recently prepared an N-bridged diiron tetra-tert-
butylphthalocyanine complex ((FePctBu4)2N, Scheme 1),[8]


which exhibits a good solubility in organic solvents and is
more suitable for catalytic studies. This binuclear porphyrin-
like complex with Fe-N-Fe structural unit interacts with
H2O2, as shown by UV/Vis and EPR spectroscopies,[8] sug-
gesting a possible activation of H2O2 to form oxidizing spe-
cies. Indeed, we have recently shown that the active species
derived from (FePctBu4)2N and H2O2 is able to perform an
efficient oxidation of methane in water at ambient tempera-
tures.[9] The (FePctBu4)2N, characterized by different spec-
troscopic methods, retains its dimeric structure in the pres-
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Scheme 1. m-Nitrido-bridged iron tetra-tert-butylphthalocyanine, (FePc-
ACHTUNGTRENNUNGtBu4)2N, R =C ACHTUNGTRENNUNG(CH3)3.
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ence of H2O2.
[9] ESI-MS experiments using H2


16O2 and
H2


18O2 indicated the formation of a high valent diiron oxo
complex FeIVNFeV=O, which was proposed to be an active
species responsible for oxidation of methane.[9] The mecha-
nistic features of this binuclear complex are therefore of
much interest.


To check the scope of this catalyst and to gain more infor-
mation about catalytic properties of this unusual species, we
have studied the oxidation of benzene, which is both indus-
trially and biologically related process. Several enzymes, for
example, cytochromes P-450, non-heme iron mono- and di-
oxygenases perform hydroxylation of aromatic com-
pounds.[10,11] High valent iron oxo species were proposed to
be involved in this demanding oxidation and arene oxide to
be an obligatory intermediate in this reaction, although al-
ternative pathways have also been proposed.[10] The main
mechanistic hypotheses for benzene hydroxylation by cyto-
chrome P-450 enzymes were carefully discussed by de
Visser and Shaik.[12] Along with arene oxide, which could be
formed from the tetrahedral intermediate oxo-iron–arene s-
complex, a characteristic feature of arene hydroxylation is
the migration of the substituent from the hydroxylation site
to the adjacent carbon position (NIH shift).[10] The mecha-
nistic features of aromatic oxidation mediated by non-heme
enzymes, in particular by toluene 4-monooxygenase,[11a] are
quite similar to those of cytochrome P-450.[10] It is worth
noting that the oxidation of benzene is less investigated in
chemistry as compared to the oxidation of alkanes or ole-
fins. Selective oxidation of benzene to phenol by N2O was
obtained over FeZSM-5 zeolite at 375 8C.[13] Titanium silica-
lite mediated the oxidation of PhH with H2O2.


[14] FeAlPO
catalysts were active in the oxidation of PhH by N2O at
380 8C.[15] Low temperature oxidation of benzene usually as-
sociated with bio-inspired approach is, however, much less
explored. Suicidal oxidation of the aromatic part of non-
heme complexes was demonstrated,[16] but examples of oxi-
dation of benzene are still rare. Non-heme iron polyazaden-
tate complexes in combination with H2O2 and reducing
agent oxidized benzene with TON ~8.[17]


Here we report on the mild oxidation of benzene and pro-
vide evidence that this oxidation occurs via formation of
benzene oxide and involves the NIH shift thus resembling
the biological aromatic oxidation. We have shown that 1,3,5-
[D3]benzene is a novel convenient probe for the detection
of NIH shift.


ACHTUNGTRENNUNG(FePctBu4)2N exhibited a high catalytic activity in oxida-
tion of PhH by H2O2 even at 20 8C (Table 1). Phenol, the


main oxidation product, was obtained with TON= 11. The
efficiency of oxidation was increased at higher temperatures
and higher concentration of PhH attaining TONPhOH = 66.
Three minor products were detected by GS-MS analysis. p-
Benzoquinone was formed in minor quantity at 60 8C. Mass
spectrum of second product (retention time=4.0 min) corre-
sponds to that published for benzene oxide (BO).[8,18] Mass
spectra of this product derived from C6H6 (94 [M]+ , 78
[M�O]+ , 66 [M�CO]+) and C6D6 (100 [M]+ , 84 [M�O]+ ,
72 [M�CO]+) differed on m/z 6 indicating the presence of
all six H/D atoms on benzene core. The authentic benzene
oxide was prepared according to published protocols.[19] The
retention time and mass spectrum of the authentic BO and
the product obtained in PhH oxidation were identical,[8] thus
unambiguously proving the formation of benzene oxide in
the course of PhH oxidation. Notably, when mononuclear
FePctBu4 or m-oxo dimer (FePctBu4)2O were used as cata-
lysts at the same reaction conditions, the complete bleaching
of the catalysts occurred within several minutes after H2O2


addition and no benzene oxide was detected in the reaction
mixture.


The mass spectra of the other minor product (retention
time=9.25 min.)[8] with two oxygen atoms added to benzene
core which were obtained from C6H6 (110 [M]+ , 81
[M�CHO]+ , 53 [M�CHO�CO]+) and C6D6 (116 [M]+ , 86
[M�CDO]+ , 58 [M�CDO�CO]+) matched to mass spec-
trum of sym-oxepin oxide.[19a] Molecular peaks of isotopom-
ers of this product differ in m/z 6 indicating the presence of
all H (D) atoms that is compatible with proposed oxepin
oxide structure.


When 2 % solution of H2
18O2 (Icon, >90 % isotopic en-


richment) in H2
16O was used for oxidation in the presence


of 16O2, phenol contained 93 % of Ph18OH, thus indicating
that product oxygen was originated from H2


18O2. This find-
ing strongly suggests that phenyl radical can not be an inter-
mediate in this oxidation which would be trapped by 16O2


leading to 16O incorporation into phenol.
Intermolecular kinetic isotope effects (KIE) on phenol


formation were determined using 1:1 C6H6/C6D6 mixture. At
25 8C and 60 8C KIEs were 1.21�0.04 and 1.16�0.02, re-
spectively. Intramolecular KIE measured using 1,3,5-
[D3]benzene was 1.29�0.03 at 25 8C. These KIE values are
not compatible with the formation of s-complex since in this
case inverse KIE (<1) should be observed.[5g,10c,11a,12] The
origin of the inverse KIE is a change in hybridization of hy-
droxylated carbon atom from sp2 to sp3 in the course of oxi-
dation. According to the careful analysis of KIE associated
with aromatic oxidation, kH/kD ~1.2 is compatible with re-
versible opening of the epoxide ring.[11a]


In addition to KIE determination, 1,3,5-[D3]benzene is
also a useful mechanistic probe to detect NIH shift. NIH
shift is a migration of the substituent from the site of hy-
droxylation to adjacent carbon atom and usually associated
with bio-oxidation.[10–12] The use of 1,3,5-[D3]benzene as a
NIH shift probe is based on the analysis of 1,4-benzoqui-
none (BQ) as indicated in Scheme 2. When no NIH shift
occurs, BQ should contain only [D2]BQ. BQ obtained from


Table 1. Oxidation of PhH by H2O2 catalyzed by (FePctBu4)2N.[a]


ACHTUNGTRENNUNG[PhH]/m T/8C t/h Conversion/% TONPhOH


0.1 20 48 14 11
0.1 40 20 20 12
1 40 20 n.d.[b] 28
5.57 60 24 n.d. 66
11.14[c] 60 4 n.d. 32


[a] Conditions: [(FePctBu4)2N] =2.4N 10�4
m, [H2O2] =0.22 m in 2 mL


MeCN. [b] n.d.: not determined. [c] Neat PhH.
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C3D3H3 contained 75 % of [D2]BQ, 19 % of [D3]BQ and 6 %
of [D2]BQ, thus strongly suggesting NIH shift. A mechanism
based on KIE and isotope labelling data is proposed in
Scheme 2. BO formed in the first step undergoes to hydride
(deuteride) shift to produce two 2,4-cyclohexadien-1-ones
isotopomers K1 and K2, which enolize to phenols [D2]P,
[D3]P and [D2]P’, [D3]P’, respectively, inducing NIH shift.
These phenols can be oxidized to produce quinones [D1]BQ,
[D2]BQ and [D3]BQ. Importantly, [D1]BQ and [D3]BQ can
be obtained only if NIH shift occurs in the course of oxida-
tion. Thus, the analysis of isotopic composition of BQ can
evidence NIH shift. BQ shows the clean molecular peak
without M�1 and M�2 fragmentation and its isotopic com-
position can be calculated from mass spectrum.[8] The detec-
tion of [D1]BQ and [D3]BQ thus indicates the occurrence of
NIH shift during oxidation of PhH by (FePctBu4)2N–H2O2


system.
The NIH shift and the formation of benzene oxide are


usually associated with bio-oxidation mediated by cyto-
chrome P-450 and toluene monooxygenases. In our previous
paper describing the mild oxidation of methane,[9] we have
proposed the formation of a high valent oxo-(FePctBu4)2N
complex with two redox equivalents above FeIIINFeIV state
(Scheme 3). This proposal was based on the results obtained
by UV/Vis, EPR, ESI-MS methods as well as in 18O label-


ling experiments.[9] The proposed high valent FeIV-N-FeV=O
species should be a very strong oxidant and thus be compe-
tent for the oxidation of such difficult-to-oxidize substrates
as methane and benzene. The observation of the formation
of benzene oxide and NIH shift in this work, which are char-
acteristics of high valent iron oxo enzyme systems, is in
agreement with proposed FeIV-N-FeV=O structure of active
species. FeIV-N-FeV=O can be obtained via heterolytic cleav-
age of O�O bond in the putative FeIV-N-FeIII-OOH hydro-
peroxo complex formed from (FePctBu4)2N and H2O2


(Scheme 3).


In sum, (FePctBu4)2N in combination with green and bio-
logically relevant H2O2 shows a high activity in the mild oxi-
dation of PhH. Turnover number based oh PhOH attains 66
cycles. Fe-N-Fe structural unit of m-nitrido diiron complex is
essential for this catalytic activity. Mononuclear FePctBu4


and m-oxo (FePctBu4)2O complex (Fe-O-Fe fragment) were
rapidly destroyed and didn’t show the formation of benzene
oxide during oxidation of benzene. Mechanistic features of
benzene oxidation by (FePctBu4)2N–H2O2 system (formation
of benzene oxide, NIH shift) are not compatible with free
radical oxidation and resemble those of the biological oxida-
tion, thus suggesting the involvement of high valent iron
oxo species. NIH shift was evidenced using a novel mecha-
nistic probe, 1,3,5-[D3]benzene. To our knowledge, the for-
mation of benzene oxide in course of the bio-inspired oxida-
tion of benzene has been observed for the first time. The
formation of benzene oxide is the two electron process typi-
cal for high valent oxo species.[1] 18O labelling studies also
suggest a possible involvement of a high valent oxo species.
N-Bridged diiron phthalocyanine complexes show a new un-
expected reactivity and provide a novel promising approach
in the bio-inspired oxidation field.


Experimental Section


A 1:1 mixture of C6D6 and C6H6, 1,3,5-[D3]benzene (98 %, Aldrich) and
2% H2


18O2 in H2O (90 atom %, Icon Isotopes) were used for the isotope
labelling experiments. General procedure for catalytic oxidations: 40 mL
of 35% H2O2 was added to 2.4 N 10�4


m (FePctBu4)2N in 2 mL of benzene
solution in MeCN. The reaction mixture was stirred at desired tempera-
ture. The conversion of benzene and yield of phenol were determined by
GC using external standard. The isotopic compositions of oxidation prod-
ucts were determined by GC-MS. Full details of the experimental proce-
dures and instrumentation are given in the Supporting Information.


Scheme 2. Proposed mechanism of oxidation of benzene by (FePc-
tBu4)2N–H2O2 system involving NIH shift.


Scheme 3. Proposed mechanism of the formation of high valent diiron
oxo species in (FePctBu4)2N–H2O2 system.
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The investigation of magnetic materials with fascinating
structures and unusual magnetic behavior has witnessed
flourishing development.[1,2] Transition-metal hydroxides are
of particular significance because of their potential applica-
tion in magnetic devices (as substitutes for traditional ferrite
or nanometric magnetic memory units), and have been ex-
tensively explored.[3] Even so, it is still a tremendous chal-
lenge for researchers to rationally design, precisely control,
artfully modulate, and effectively re-assemble new transi-
tion-metal/hydroxide species (hydroxide-bridged clusters,
chains, and layers).[3c,4] In the hydroxyl inorganic layers
(such as Cu(OH)2, FeO(OH), Mg(OH)2, etc.), the hydroxide
groups are present in m2 and m3 modes. To replace some of
the hydroxide ligands with other bridging groups in order to
alter the magnetic properties is still a challenge to chemists
today. As we know, azide is one of the most studied ligands
in magnetochemistry,[5] and its complexes display exciting
magnetic properties ranging from long-range ordering to
SMM (single-molecule magnet) and SCM (single-chain
magnet) behavior.[6] Additionally, the magnetic interaction
through an azide bridge can be easily predicted based on its
bridging mode and the M-N-M angles. The most typical
bridging modes are end-to-end (EE, m2-1,3) and end-on
(EO, m2-1,1), usually resulting in antiferromagnetic and fer-
romagnetic coupling, respectively, but this greatly depends


on the Cu-N-Cu angle for end-on azides.[7,8] Azides can also
bridge more than two ions in their EO mode; for instance, it
can bridge three metal ions in a pyramidal fashion analo-
gous to that of a m3-OH group. In view of azides being able
to take both m2-1,1 and m3-1,1,1 bridging modes, it may re-
place some OH positions in the 2D inorganic layer, which
could lead to different magnetic behavior.[9] To avoid the in-
organic layer collapsing or aggregating into a 3D solid, a
second ligand is usually introduced into the system. Herein,
phthalic acid (H2-pta) is our second ligand of choice. A CuII/
N3
�/OH�/pta2� network could have a high negative charge


and counterion will then be needed. Herein we report the
synthesis of an unusual 2D N3-CuII-OH complex, [Cu-
ACHTUNGTRENNUNG(H2O)6]ACHTUNGTRENNUNG[{Cu2(N3)4/3-(OH) ACHTUNGTRENNUNG(pta)}6] (1). Indeed, our results
show that the [Cu ACHTUNGTRENNUNG(H2O)6]


2+ complex ion from the CuACHTUNGTRENNUNG(NO3)2
aqueous solution may serve as a template for the [Cu24]
macrocycles.


The crystal structure of complex 1[10] (Figure 1) consists of
a new anionic 2D layer network containing two CuII ions,
one phthalic anion (in m4-O,O’,O’’,O’’’ bridging mode), one
m3 hydroxyl anion, and 4=3 azide anions, which take m2-1,1
and m3-1,1,1 bridging modes (Figure S1). As can be seen in
Figure 1 (top), Cu1 is five-coordinate with a distorted
square-based pyramid CuN2O3 geometry formed by the co-
ordination of two nitrogen atoms, from the m2-1,1- and m3-
1,1,1-azide anions (apical position) (Cu1�N1=2.000(5),
Cu1�N4=2.287(3) ;), and three oxygen atoms, one from
the m3 hydroxyl anion and two from phthalic anions (Cu1�
O5=1.969(4), Cu1�O1=1.983(4), Cu1�O4=2.018(4) ;).
The square-based pyramidal coordination sphere of Cu2 is
CuNO4, in which the N atom is from a m2-1,1 azide anion
(Cu2�N1A=1.972(5) ;), and the four oxygen atoms are
from two m3 hydroxyl anions and two phthalic anions (one
occupied the apical position) (Cu2�O5=1.954(4), Cu2�
O5A=1.979(4), Cu2�O2=2.646, Cu2�O3=1.934(4) ;).
Two hydroxyl anions in the m3 mode (Cu1-O5-Cu2=100.74,
Cu1-O5-Cu2A=118.24, Cu2-O5-Cu2A=100.308) bridge
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Cu1/Cu2/Cu2A and Cu1A/Cu2/Cu2A, respectively, holding
together the tetranuclear [Cu4] entity formed by the two tri-
nuclear units sharing a Cu2-Cu2A edge. Each [Cu4] unit is
connected in turn to four neighboring [Cu4] units by four m2-
1,1 (Cu1-N1-Cu2B=126.648) and two m3-1,1,1 azide groups
(Cu1-N4-Cu1B=113.05, Cu1-N4-Cu1B=113.04, Cu1-N4-
Cu1B=113.008) to give an unprecedented inorganic 2D
layer. If we treated the [Cu4] unit as four-connected node, a
2D anion kag�me sheet would be obtained (Figure 1,
bottom). Phthalic groups in the m4 binding mode are located
alternately at both sides of the sheet and link to two [Cu4]
units. They help to reinforce the 2D network and isolate
each layer, avoiding the formation of a 3D network.


Six [Cu4] units construct a [Cu24] macrocycle through m2-
1,1 and m3-1,1,1 bridging azide groups (Figure 2, top). To the
best of our knowledge, this copper macrocyle is the largest
macrocycle in the azido–copper system reported to date. Be-
cause the phthalate aromatic groups are distributed up and
down the layer, the huge cavity enclosed by the [Cu24] mac-
rocycle is not open for exchange. In fact, these cavities are
not empty; they contain the [Cu ACHTUNGTRENNUNG(H2O)6]


2+ counterions. (Fig-
ure S2). The water molecules coordinated to the CuII ion
form hydrogen bonds with the oxygen atoms of the phthalic


groups (O1W···O2=2.826 ;). Thus, it is reasonable for us to
believe that [Cu ACHTUNGTRENNUNG(H2O)6]


2+ acts as a template in the assembly
process of the 2D network (Figure 2, bottom). The ability of
[Cu ACHTUNGTRENNUNG(H2O)6]


2+ to act as a counterion in coordination chemis-
try has been reported,[11] but examples of it acting as a tem-
plate in the cavity of 2D network are still rare.


The magnetic properties of 1 were studied as a function
of field and temperature. At 300 K the cT product has a
value of 4.90 cm3Kmol�1, in good agreement with the ex-
pected cT product for 13 non-interacting CuII ions
(4.875 cm3Kmol�1 with S=1/2 and g=2.0). As the tempera-
ture goes down to 2 K, the cT product drops continuously to
a value of zero, indicating that the overall magnetic interac-
tions in 1 are antiferromagnetic (Figure 3, middle). The
Curie law for a single CuII ion, corresponding to the [Cu-
ACHTUNGTRENNUNG(H2O)6]


2+ ion, was subtracted from the susceptibility of 1
(triangles in Figure 3, middle) resulting in the susceptibility
for the anionic network (squares in Figure 3, middle), which
shows clear average antiferromagnetic interactions leading
to an S=0 ground state. The susceptibility was measured at


Figure 1. Top: The coordination environment of CuII ions in 1. Bottom:
The kag�me topology for the inorganic anionic sheet of 1. Each [Cu4]
unit is treated as a four-connected node (dashed lines drawn for illustra-
tion). Figure 2. Top: The 24-membered copper macrocycle was constructed


from six [Cu4] units in 1. Bottom: [Cu ACHTUNGTRENNUNG(H2O)6]
2+ serves as counterion and


template in 1. Hydrogen bonds between [CuACHTUNGTRENNUNG(H2O)6]
2+ and the inorganic


sheet are shown as dashed lines.
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0.05 T in the 2 to 30 K range and at 1.0 T between 2 and
300 K (Figure 3, middle) and it is not field dependent, indi-
cating the lack of long-range magnetic ordering in 1. The
high-temperature data (above 100 K) follows the Curie law
with a Curie–Weiss constant of �154 K (Figure 3, bottom),
in agreement with the overall antiferromagnetic coupling in
the layered structure of 1.


The magnetization of 1 was studied at 2 K at applied
fields from 0 to 5 T (Figure 3, top). The calculated magneti-
zation of a single CuII ion with g=2.0 was subtracted from


the magnetization of 1 to obtain the magnetization of the
anionic network. The g value was chosen based on the
room-temperature susceptibility data, which indicated an
average g value very close to 2.0 for the CuII ions in com-
plex 1. The resulting magnetization rises without reaching
saturation, reaching 0.38 mB per [{Cu2(N3)4/3(OH) ACHTUNGTRENNUNG(pta)}6]


2+


unit of the anionic 2D network of 1 at 5 T. This very low
magnetization value and the lack of saturation indicates an
S=0 ground state with some accessible excited states of
larger S values that are populated due to the Zeeman split-
ting at fields as large as 5.0 T.


Both the Cu1 and Cu2 atoms are in a pentacoordinate,
square-pyramidal coordination environment; thus the mag-
netic orbital is dx2�y2 and lies on the basal plane of the
square pyramid. The axis of the square pyramid of Cu1 and
Cu2 is clearly elongated. The Cu1�N4 bond length, lying on
the apical axis, is 2.287 ; and is elongated relative to the
average Cu�L basal distance of 1.993 ;. For Cu2, the apical
Cu2�O2 distance is 2.646 ;, clearly elongated with respect
to the average distance in the basal plane, of 1.959 ;. The
possible exchange pathways will be analyzed separately.
First of all, the carboxylate bridges in the sample are all in
the typical syn,syn-bridging mode. The O1�O2 carboxylate
group bridges orthogonal Cu1 and Cu2 orbitals: the dz2 orbi-
tal on Cu2 is bridged by this carboxylate to the dx2�y2 orbital
on Cu1, which leads to ferromagnetic coupling. The O3�O4
carboxylate bridges the magnetic orbitals of Cu1 and Cu2 in
a syn,syn-fashion providing an efficient pathway for antifer-
romagnetic coupling. The hydroxide groups bridge three Cu
ions: two symmetry related Cu2 ions and one Cu1 ion. As
reported by Hatfield and Hogson,[13] the coupling is antifer-
romagnetic for Cu-O-Cu angles above 988. The Cu2-O5-
Cu2A angle is 100.308, the Cu2-O5-Cu1 angles is 118.248,
and the Cu2A-O5-Cu1 angle is 100.748, thus the hydroxide
groups in 1 mediate antiferromagnetic coupling. Finally,
there are two types of azide bridges, one that bridges Cu1
and Cu2, and one that bridges Cu1 to the two symmetry re-
lated ions, Cu1A and Cu1B. The two azides bind in an end-
on fashion, with only one N atom involved in the coordina-
tion to the CuII ions. A priori, end-on azido bridges, as seen
in this complex, should lead to ferromagnetic coupling.
However, this is not always the case, as recent theoretical
studies point out the exchange pathway can change from
ferromagnetic to antiferromagnetic depending on the M-N3-
M angle; in fact, for Cu-N-Cu angles greater than 1048 the
coupling is antiferromagnetic.[12] The Cu1-N1-Cu2 angle is
126.648, and the orbitals involved are the magnetic orbitals
(dx2�y2 ) on both Cu ions; thus the coupling is expected to be
antiferromagnetic. The second type of azide ligand bridges
three symmetry related Cu1 ions in an end-on fashion with
Cu1-N4-Cu1 angles of 1138 ; however, the three Cu1 ions
use the full dz2 orbital in the bonding with the N4 atom
from the azide. Overall, the antiferromagnetic exchange
pathways in 1 dominate over the ferromagnetic ones. At
very low temperatures the interactions of opposed sign com-
pete, as indicated by the lack of a clear maximum in the sus-
ceptibility versus temperature plot, but given the structural


Figure 3. Top: Field dependence of the magnetization for 1 (triangles);
Brilluoin function for one CuII ion with S=1/2 and g=2.0; magnetization
for the anionic network [{Cu2(N3)4/3(OH) ACHTUNGTRENNUNG(pta)}6]


2� (squares). Middle:
Temperature dependence of the susceptibility of 1 (triangles); tempera-
ture dependence of the susceptibility of the anionic network [{Cu2-
(N3)4/3(OH) ACHTUNGTRENNUNG(pta)}6]


2� (squares). Bottom: Curie plot for 1. The solid line is
the calculated susceptibility using the Curie–Weiss law at temperatures
above 100 K.


Chem. Eur. J. 2008, 14, 7127 – 7130 M 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 7129


COMMUNICATIONCopper Macrocycle



www.chemeurj.org





complexity of 1, values for the pairwise interactions between
the CuII ions could not be calculated.


In summary, substitution of some positions of hydroxyl
with azide has resulted in an unprecedented 2D inorganic
azido–copper–hydroxyl compound. The [Cu24] macrocycles
that form the 2D layers of 1 are likely templated around
[Cu ACHTUNGTRENNUNG(H2O)6]


2+ cations through strong hydrogen bond interac-
tions.


Experimental Section


Synthesis of 1: Compound 1 was hydrothermally synthesized under au-
togenous pressure. A mixture of CuACHTUNGTRENNUNG(NO3)2·6H2O, NaN3, phthalic acid,
NaOH and H2O at ration of 2.2:1.4:1:3:1000 was sealed in a Teflon-lined
autoclave and heated to 120 8C for 2 days. The pure green crystals were
obtained in ca. 20% yield based on CuII salt. Element analysis was satis-
factory. IR (KBr pellet): ñ=3058, 2093, 1579, 1550, 1419, 1068, 846, 707,
682 cm�1. Caution! Azide complexes are potentially explosive and should
be handled carefully.
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Gold Supported on Nanocrystalline b-Ga2O3 as a Versatile Bifunctional
Catalyst for Facile Oxidative Transformation of Alcohols, Aldehydes, and
Acetals into Esters


Fang-Zheng Su, Ji Ni, Hao Sun, Yong Cao,* He-Yong He, and Kang-Nian Fan[a]


Esterification is one of the most fundamentally important
reactions in organic synthesis.[1] Although a number of
methods have been developed, the search for new, facile,
cost-effective, and environmentally friendly procedures that
avoid the use of large excess of reagents and expensive acti-
vators has attracted substantial interest.[2] An attractive al-
ternative is the direct catalytic transformation of alcohols or
aldehydes to esters, without the use of the corresponding
acid or acid derivative.[3] In particular, the direct oxidative
conversion of alcohols or aldehydes under mild conditions is
an attractive goal. As opposed to the traditional esterifica-
tion method, in which a two-step synthetic procedure first
involving the synthesis of carboxylic acids or activated car-
boxylic acid derivatives, such as acid anhydrides or chlo-
ACHTUNGTRENNUNGrides, is required,[4] the single-step nature of the oxidative
esterification procedure has economic and environmental
benefits in the synthesis of esters. However, relevant reports
are limited to a few nonselective heterogeneous reactions or
homogeneous systems, which utilize stoichiometric amount
of oxygen donors and long reaction times.[5] In general, het-
erogeneous systems capable of catalyzing oxidative esterifi-
cation of alcohols or aldehydes using molecular oxygen (O2)
as oxidant are relatively scarce.[6] One notable exception is
the ethylene glycol to methyl glycolate (MGC) process
based on a specific Au-based catalyst system with propriet-
ary formulations recently developed by the company
Nippon Shokubai;[6a–c] this result represents a milestone to-
wards greener commercial process for clean and efficient
production of carboxylic esters.


Solid catalysts based on supported gold nanoparticles[7]


have attracted tremendous recent attention owing to their
unique catalytic properties for a broad spectrum of organic
transformations,[8] especially for aerobic oxidation of alco-
hols under mild conditions.[9] Over the last few years, our
group,[10] Hutchings et al.,[11] Baiker et al.,[12] and Corma
et al.[13] reported that gold nanoclusters deposited on TiO2,
CeO2, and Cu-Mg-Al or Ga-Al mixed-metal oxides are
highly effective for aerobic alcohol oxidation under solvent-
free conditions. One critical issue associated with the gold-
catalyzed primary-alcohol oxidation process is the selectivity
toward aldehydes. Most recently, several studies have re-
vealed that, depending on the substrate or acidic nature of
the supports, the yielding of esters may severely reduce the
selectivity toward target products of aldehyde,[14] with hemi-
acetal being identified as the key intermediate for ester for-
mation. Taking into account that inorganic oxides contain
some appropriate acid sites that are able to facilitate the
hemiacetal formation,[13,14a] it appeared to us that a new con-
cept of catalyst could be brought forward if the gold nano-
particles in the presence of these acidic sites can coopera-
tively work together by introducing a solid bifunctional cata-
lyst that facilitates the generation and consecutive oxidation
of the intermediate hemiacetals to the corresponding esters.
To explore this possibility, we chose a solid catalyst formed
by gold supported on nanocrystalline b-Ga2O3 (denoted as
Au/b-Ga2O3). The reason for this choice is that gallium
oxide has emerged as an exceptional catalytic or supporting
material that is highly efficient for a wide range of acid-cata-
lyzed reactions;[15] it is also known that significantly in-
creased surface Lewis acidity can be achieved on nanocrys-
talline b-Ga2O3.


[16]


The nanocrystalline b-Ga2O3 support was prepared by an
alcoholic gel-precipitation method.[17] The X-ray diffraction
(XRD) pattern of the as synthesized nanocrystalline support
shows well-defined diffraction features characteristic of b-
Ga2O3 (Figure S1 in the Supporting Information). Transmis-
sion electron microscopy (TEM) shows that the support is
highly porous in nature; it consists of interconnected parti-
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cles with average crystallite size of 7–8 nm (Figure S2 in the
Supporting Information). Owing to the nanocrystalline
nature of the support, the BET (Brunner–Emmett–Teller)
surface area of the as synthesized b-Ga2O3 is very high
(84 m2g�1). Surface acidity measurements by temperature-
programmed desorption of NH3 (NH3-TPD) and pyridine
adsorption coupled with FTIR measurements (for details in
the Supporting Information, Table S1 and Figure S3) reveal
an abundance of surface Lewis acidity of medium strength
with a site density of ca. 0.60 mmol NH3 (gcat)


�1 in the as
synthesized b-Ga2O3 material, which is much higher than
that previously reported for conventional calcination-de-
rived b-Ga2O3 (~0.24 mmol NH3 (gcat


�1)).
When gold nanoparticles were deposited onto the nano-


crystalline b-Ga2O3 (see Supporting Information for the de-
tailed preparation procedure),[18] the XPS spectrum of the
Au 4f7/2 core level shows a contribution from Au0 at a bind-
ing energy of 83.1 eV (Figure S4 in the Supporting Informa-
tion). This value is significantly lower than the reported
value (84.0 eV) for a bulk gold metal, suggesting the pres-
ence of a strong metal–support interaction in the Au/b-
Ga2O3 system. The sole presence of metallic gold was also
confirmed by the IR band of adsorbed CO (Figure S5 in
the Supporting Information). An almost identical XRD pat-
tern was obtained for Au/b-Ga2O3 relative to b-Ga2O3, indi-
cating that the crystal structure of the nanocrystalline sup-
port is maintained. TEM analysis of the Au/b-Ga2O3 catalyst
reveals randomly dispersed particles, and energy-dispersive
X-ray (EDX) analyses confirmed that the particles corre-
sponded to gold with an average diameter of about 2–4 nm.
It should be noted that, upon the introduction of gold nano-
particles, similar NH3-TPD results were obtained for the
Au/b-Ga2O3 catalyst (Table S1), thus revealing that the sur-
face acidity of b-Ga2O3 was largely retained after deposition
of gold nanoparticles.


The gold nanoparticles supported on nanocrystalline b-
Ga2O3 were initially tested as a catalyst for the selective oxi-
dation of 1-phenylethanol with O2 as the oxidant in the ab-
sence of solvent (see Supporting Information for experimen-
tal details). The Au/b-Ga2O3 catalyst is found to be highly
effective for alcohol oxidation, with very high turnover fre-
quencies (~15,000 h�1) achievable for the exclusive synthesis
of acetophenone. Subsequent experiments exploring the oxi-
dative esterification of benzyl alcohol in the presence of
methanol have shown that the Au/b-Ga2O3 catalyst was
highly active and selective for the facile oxidative transfor-
mation of benzyl alcohol into methyl benzoate.[19] The bene-
fit of using nanocrystalline b-Ga2O3 as a bifunctional sup-
port for gold catalysts is evident when comparing the cata-
lytic activity of Au supported on conventional b-Ga2O3 (Au/
b-Ga2O3-c), g-Ga2O3 (Au/g-Ga2O3) and gold reference cata-
lysts (Au/TiO2, Au/Fe2O3 and Au/C) supplied by the World
Gold Council (Table 1). A clear advantage of the Au/b-
Ga2O3 catalyst over Au/Ga3Al3O9 was also noticed when the
reaction was conducted by using Au/Ga3Al3O9 under other-
wise identical conditions. Among various Au catalysts
tested, the Au/b-Ga2O3 catalyst showed the highest catalytic


activity for the oxidative esterification of benzyl alcohol.
Note that Au/C showed only very little activity under pres-
ent additive-free conditions.


After the catalytic oxidative esterification of benzyl alco-
hol was completed under the conditions in Table 1, the reac-
tion mixture was filtered to remove the Au/b-Ga2O3. It was
confirmed that no gold was present in the filtrate by induc-
tively coupled plasma atomic emission spectroscopy (ICP-
AES; detection limit of 2.5 ppb). In addition, the oxidation
process was terminated by the removal of Au/b-Ga2O3 from
the reaction solution (Figure S6 in the Supporting Informa-
tion). These results indicate that any contribution to the ob-
served catalysis from gold species that leached into the reac-
tion solution can be ruled out and that the observed cataly-
sis is truly heterogeneous. The Au/b-Ga2O3 catalyst could be
reused after aerobic oxidation, and both the catalytic activi-
ty and selectivity toward the oxidative esterification reac-
tions were retained (entry 8 in Table 1).


Oxidative esterifications of other primary alcohols were
examined by using the Au/b-Ga2O3-catalyzed protocol, and
the results are depicted in Table 2. A family of aromatic and
aliphatic primary alcohols, including benzyl alcohol, cinnam-
yl alcohol, and 1-octanol, can be converted into their corre-
sponding methyl, ethyl, or propyl esters with essentially
complete conversion and high selectivities (Table 2, en-
tries 1, 4, 5, 9, and 10), although longer reaction times are
required for the aliphatic alcohols. The results in Table 2
also indicate that the benzyl alcohols substituted with an
electron-donating group (�OCH3) tend to be oxidized more
easily than those with electron-withdrawing substituents, the
reaction rate for which was also slower than unsubstituted
benzyl alcohol (entries 2 and 3). Furthermore, it was estab-
lished that oxidative esterification of heteroaromatic pri-
mary alcohols such as furfuryl alcohol under the Au/b-
Ga2O3-catalyzed conditions also proceeded efficiently, and
the ester products were produced in good yields (>75%,
Table 2 entry 6). In contrast, only moderate selectivities to
the corresponding methyl esters was obtained for allylic pri-
mary alcohols such as crotonyl alcohol and allyl alcohol
under the same condition as described above (Table 2, en-
tries 7 and 8). The lower selectivity obtained for the oxida-


Table 1. Oxidative esterification of benzyl alcohol in the presence of
methanol over various gold catalysts.[a]


Entry Catalysts Conv. Selectivity [%]
[%] Ester Aldehyde Acetal


1 Au/b-Ga2O3 90 93.3 4.1 1.2
2 Au/b-Ga2O3-c 71 22.6 32.1 43.4
3 Au/g-Ga2O3 77.4 81.6 14.9 2.5
4 Au/Ga3Al3O9 97 85 9.2 4.4
5 Au/TiO2 70 64.5 20.7 13.1
6 Au/Fe2O3 36.8 45 27.1 26.3
7 Au/C 5.5 12 31.2 54.2
8[b] Au/b-Ga2O3 88 93.9 3.7 2.1


[a] Reaction conditions: benzyl alcohol (3.5 mmol) and Au catalysts
(0.29 mol%) in methanol (10 mL) at 90 8C, 5 atm O2, time=2 h; conver-
sion (conv.) and selectivity were determined by GC by using n-nonane as
the external standard. [b] Results for the fifth run.
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tive esterification of allylic primary alcohols is probably due
to an undesired formation of oligomers of allyl acrylate,
since there is no other low-molecular products detected by
GC and GC-MS.


Another issue from Table 2 worth noting is the high sub-
strate selectivity of Au/b-Ga2O3 to promote the oxidative
transformation of various primary alcohols to their corre-
sponding esters. In contrast, it has been reported that under
these conditions the excess methanol as a solvent may also
undergo the oxidation reaction.[6c] Particularly relevant is
the undesired formation of appreciable amount of methyl
formate by competitive oxidative esterification. To make a
straightforward comparison of the substrate selectivity as re-
ported by Hayashi et al. ,[6c] we examined the oxidative
esterification using n-propanol and n-butanol as the sole re-
action substrates (Table S2 in the Supporting Information).
We found that under identical conditions both alcohols are
oxidized at higher rates than the Au/TiO2 or Au/ZrO2 cata-
lysts used by Hayashi et al.,[6a–c] with selectivities to n-propyl
propanoate or n-butyl butanoate always being higher than
90%. Moreover, by decreasing the catalyst loading it is pos-
sible to achieve a low conversion of these substrates within
a short time-frame. This result, together with the intrinsical-
ly more active substrate relative to the excess solvent (i.e. ,
methanol, ethanol or n-propanol),[10,19] may account for the
high substrate selectivity of present Au/b-Ga2O3 for alcohol
oxidative esterification.


Further to oxidative transformation of aldehydes, we ex-
amined the catalytic activity of Au/b-Ga2O3 for the oxida-
tive esterification of aldehydes, which is also a synthetically
useful transformation. In general, the oxidation of the alde-
hydes proceeded towards esters much more efficiently than
the corresponding alcohols (results are given in parentheses
in Table 2 under the same reaction conditions), indicating
that the first step of oxidation of alcohols to corresponding
aldehydes may play an important role in the whole catalytic
process. The aromatic aldehydes tend to be more easily oxi-


dized than the aliphatic and allylic ones (entries 1, 5, and 8).
Similarly, less active allylic aldehydes such as crotonalde-
hyde and acrolein also afford good yields of around 80%
for the corresponding esters (entries 6 and 7). Notice that
these values constitute a significantly higher selectivity com-
pared with their alcohol counterparts. Additionally, the cata-
lytic system efficiently oxidizes aliphatic aldehydes to the
corresponding ester compounds: for the oxidation of octa-
nal, methyl octanoate was produced in a 91% yield in 1 h
(entry 8, Table 2). This observation is in contrast to the oxi-
dative esterification of 1-octanol, for which a much longer
reaction time is required to complete the reaction


The present Au/b-Ga2O3 catalyst also has high catalytic
activity for the direct conversion of acetals to the corre-
sponding esters with molecular oxygen. With benzaldehyde
dimethyl acetal as the model substrate, the results obtained
for the conversion into methyl benzoate with various gold
catalysts (compared in Figure 1) showed a high versatility of
the b-Ga2O3-supported gold catalyst. The Au/b-Ga2O3


system is found to be highly active and selective for the
aerobic oxidation; in most cases benzaldehyde was obtained
as the sole byproduct. Using Au/TiO2, Au/Fe2O3 or Au/C
reference samples provided by the World Gold Council as
the catalysts, we found that less than 56% of the benzalde-
hyde dimethyl acetal was oxidized to methyl benzoate
within 2 h at 90 8C. It should be mentioned that under the
same reaction conditions, benzaldehyde was obtained as the
major product over the least active Au/C catalyst, presuma-
bly due to the presence of excess amount of water in the as-
received WGC sample.[20] These results clearly indicate that
bifunctional Au/b-Ga2O3 catalyst is much more active and
selective than conventional oxide-supported Au catalysts
and that the collaborative interaction between gold and the
nanocrystalline b-Ga2O3 support are essential for the oxida-
tive esterification of acetals.


Based on the reaction pathway for alcohol oxidation as
proposed by Hayashi et al. ,[6c] a possible mechanism for the


Table 2. Au/b-Ga2O3-catalyzed oxidative esterification of alcohols (aldehydes).[a]


Entry Substrate Product t [h] Conv. [%] Select. [%][e]


1 benzyl alcohol (benzaldehyde) methyl benzoate 2.5 (1) 98 (>99) 96.5 (94.3)
2 anisalcohol (anisaldehyde) methyl anisate 2 (1) 97 (96.5) 98 (94.8)
3 4-nitro benzyl alcohol (4-nitro benzaldehyde) methyl 4-nitro benzoate 4 (2.5) 83 (90) 97 (80.9)
4 cinnamyl alcohol (cinnamaldehyde) methyl cinnamate 4.5 (2.5) >99 (93.4) 94 (97.5)
5 1-octanol[b] (octanal) methyl octanoate 6 (1) 81 (93) 94.7 (91)
6 furfuryl alcohol (furfural) methyl pyromucate 8 (4) 89 (91) 84.4 (92.3)
7 crotyl alcohol (crotonaldehyde) methyl crotonate 4 (3) 92.5 (98) 73.5 (81.7)
8 allyl alcohol (acrolein) methyl acrylate 5.5 (2) >99 (>99) 65.5 (84)
9[c] benzyl alcohol (benzaldehyde) ethyl benzoate 3.5 (3) 94 (92) 95.5 (95)


10[d] benzyl alcohol (benzaldehyde) n-propyl benzoate 3.5 (2) 93 (95) 94.3 (95.8)


[a] Reaction conditions: 2.5 mmol alcohol (or aldehyde) and Au catalysts (0.62 mmol%) in methanol (10 mL) at 90 8C, 5 atm O2; conversion (conv.) and
selectivity (select.) were determined by GC with n-nonane as the external standard. [b] Alcohol (1 mmol). [c] Ethanol (10 mL) instead of methanol.
[d] n-Propanol (10 mL) instead of methanol. [e] Selectivity of the ester was measured based on substrate (alcohol or aldehyde) conversion. As noted by
Hayashi et al. ,[6c] the excess methanol (ethanol or propanol) as a solvent may also undergo the oxidative esterification reaction, leading to undesired for-
mation of appreciable amount of self-esterification products, that is, methyl formate, ethyl acetate, or propyl propanoate. We confirmed, however, that
the yield of the self-esterification products is always less than 2% in the present reactions.
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Au/b-Ga2O3-catalyzed oxidative esterification of primary al-
cohols, aldehydes, and acetals is illustrated in Scheme 1. The
one-pot aerobic conversion of primary alcohols into methyl


esters involves three steps: Initially, selective oxidation of
the primary alcohols in the presence of gold catalyst pro-
ceeds to form aldehydes (step 1). Kinetic studies revealed
that step 1 is the rate-determining step (Figure S7 in the
Supporting Information), probably in the abstraction of b-H
from alcohol.[10, 21] Then, the condensation reaction between
aldehyde and alcohol takes place, leading to the formation
of hemiacetal species[6a,14,22] (step 2). Ester products are di-
rectly formed by the direct oxidation of hemiacetals
(step 3). It is worth noting that hemiacetal formation from
aldehydes and alcohols, in general, is a facile reaction due to
the good electrophilic properties of aldehydes and nucleo-
philic properties of alcohols, and may not require a catalyst.
However, in the presence of factors that decrease electro-
philicity/nucleophilicity of the aldehyde/alcohol, a catalyst
may be required for the transformation. In this sense, the
fact that the Au/b-Ga2O3 can function as a bifunctional cata-
lyst to catalyze both oxidation and hemiacetal formation in
a single procedure under mild conditions is also important


for step 4, as indicated by the significantly higher efficiency
of the Au/b-Ga2O3 catalysts for the oxidative esterification
of acetals as compared with that of other Au-based refer-
ence catalysts. Indeed, we have seen that the introduction of
nanocrystalline b-Ga2O3, which acts as an effective hetero-
geneous Lewis acid for step 2 or 4, into the reaction mixture
greatly facilitates the oxidative transformation of aldehydes
or acetals over the less effective Au/TiO2 catalyst (Figure S8
in the Supporting Information).


In conclusion, we have shown that the combination of
gold nanoparticles and nanocrystalline b-Ga2O3 can allow
the devise of new versatile gold catalyst for greener organic
synthesis under mild conditions. Catalyst design has resulted
in the novel bifunctional catalyst that is an outstanding ma-
terial for the additive-free direct catalytic transformation of
primary alcohols, aldehyde,s or acetals to esters under mild,
neutral conditions, providing an environmentally benign
protocol for the direct synthesis of carboxylic esters.
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Time-Evolving Self-Organization and Autonomous Structural Adaptation of
Cobalt(II)–Organic Framework Materials with scu and pts Nets


Jing-Yun Wu,[a] Shang-Li Yang,[b] Tzuoo-Tsair Luo,[a] Yen-Hsiang Liu,[c] Yi-Wei Cheng,[a]


Yen-Fu Chen,[a] Yuh-Sheng Wen,[a] Lee-Gin Lin,[b] and Kuang-Lieh Lu*[a]


Self-organization is a process, in which an internal system
spontaneously opens a new route to increase system com-
plexity without being guided by an external source. The con-
cept of self-organization is central to the understanding of
living organisms, biominerals, and new supramolecular ma-
terials.[1–3] For chemistry, self-organizing equilibrium condi-
tions can be controlled by changing a few critical factors
(concentration, template, pH, temperature, solvent system,
etc.) to generate desirable compounds.[4–6] However, these
explorations seem not to be completely applied in a few par-
ticular supramolecular systems. Inspired by biology, to con-
struct a high-order architecture from individual building
components, various driving
forces may competitively pre-
dominate at certain stages of
the self-assembly process.[2,3] A
subtle thermodynamic/kinetic
balance may control and tune
the materials growth delicately.
Namely, self-organization pro-
cesses can be operative if the
building components are suffi-
cient and in close proximity,
under suitable conditions. If


the supply of building units is depleted or reduced, the origi-
nal equilibrium conditions will change, and a new self-or-
ganization process will take place. These intriguing phenom-
ena of self-organization are triggered by an internal stimulus
and seem to be easily understood in biology,[2d,e] but the phe-
nomena has not been addressed in the synthesis system of
metal–organic framework (MOF) materials.[6]


As part of our ongoing efforts in the design and synthesis
of functional crystalline materials,[4k,7] we report herein on
an intriguing supramolecular system that involves a distinct
self-organization process, in which the product structures
adapt to autonomous dynamic changes in the ratio of build-


ing components at ambient temperature. As shown in
Scheme 1, two 3D metal–organic framework materials, of
{K2 ACHTUNGTRENNUNG[Co3 ACHTUNGTRENNUNG(btec)2 ACHTUNGTRENNUNG(H2O)4]·6H2O}n (1, btec=benzene-1,2,4,5-tet-
racarboxylate) with a rare scu net and {K2[Co ACHTUNGTRENNUNG(btec)]·7H2O}n
(2) with a pts net, are formed in the simple one-pot reaction
system. For the initially designed self-assembly system, a so-
lution of CoCl2·6H2O (0.40 mmol) in ethanol (5 mL) was
carefully layered on top of a bilayer solution comprised of a
solution of K4btec (0.20 mmol) in water (5 mL) on the
bottom and a buffer solvent of THF on the top at room tem-
perature. Scarlet crystals of 1 were generated about within
the first three days, and, after the reaction system was al-
lowed to stand for a few more days, violet crystals of 2
formed gradually. Surprisingly, although the reactant ratio
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Scheme 1. Self-organization of 1 and 2 in a one-pot supramolecular synthesis system.
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was changed slightly, both products always appeared clearly
in the system (details see the Supporting Information).


The most reasonable explanation for this unique adaption
phenomenon is that the KI/CoII ratio can automatically and
dynamically change during the self-assembly of 1 and 2
(Figure 1). The production of {K2ACHTUNGTRENNUNG[Co3ACHTUNGTRENNUNG(btec)2ACHTUNGTRENNUNG(H2O)4]·6H2O}n
(1) consumes more CoII atoms (3 units) than KI atoms (2
units), thus, the KI/CoII ratio in the solution gradually in-
creases as 1 is formed. At a distinct critical point, the self-or-
ganization direction autonomously changes in favor of the
generation of {K2[Co ACHTUNGTRENNUNG(btec)]·7H2O}n (2), because less CoII


atoms (1 unit) are consumed than KI atoms (2 units). Fortu-
nately, the colors of 1 (scarlet) and 2 (violet) are so different
that this intriguing phenomenon can be detected by the
naked eye.


To identify the driving forces and controlling factors in-
volved in the self-assembly process in detail, a series of ex-
periments on the dynamic adjustment of the KI/CoII ratio to
modify the equilibrium conditions in this system were per-
formed (Table S1 in the Supporting Information). Different
amounts of KCl were added to the self-assembly systems,
while holding the CoCl2·6H2O/K4btec ratio fixed, at ambient
temperature. As expected, tuning the KI/CoII concentration
ratio by adding KCl, resulted in a controllable structural
self-adaptation in the cobalt(II)–organic frameworks. The
yield of 2 increased with increasing amounts of added KCl
and the yield of 1 decreased in a corresponding manner.
That is, the higher the concentration of KI ions, the stronger
tendency to generate 2, and the weaker probability of pro-
ducing 1. In an extreme case, when an especially high or low
KI/CoII ratio was used, either 1 or 2 was formed exclusively.
The generation of 1, results in a higher KI/CoII ratio in the
solution and a stronger tendency to form 2. Conceptually,
potassium ion seems to be silent in the preparation of MOF
materials because of its weak coordination interactions.
However, it is alive and plays a critical role now. To our
knowledge, this kind of phenomenon concerning time-evolv-
ing self-organization and autonomous structural adaptation
has scarcely been highlighted in the MOF synthesis
system.[1–6]


A single-crystal X-ray diffraction analysis of 1 reveals that
there are two crystallographic distinct CoII centers. Both
centers adopt a distorted trans-Co ACHTUNGTRENNUNG(OCO)4ACHTUNGTRENNUNG(OH2)2 octahedral
geometry; whereas, the btec ligand exists in a m6-bridging
mode with two monodentate carboxylate groups at the
para-positions and the other two carboxylate groups in a
syn,syn-bridging bidentate mode (Figure S1). A trinuclear
cluster with the formula [Co3ACHTUNGTRENNUNG(O2CR)8ACHTUNGTRENNUNG(H2O)4] is observed. In
this cluster, the three Co ions are linear, and a total of eight
carboxylate groups and two water molecules bridged the Co
ions (Figure 2a). Each btec ligand acts as a four-connecting
node in a distorted square planar geometry and coordinates
to four tricobalt clusters that serve as eight-connecting cubi-
cal vertices. To understand the framework topology in 1, the
motif of the tricobalt cluster connected to eight btec linkers


is represented by a box con-
nected with four squares
through eight simple bars (Fig-
ure 2a). The framework of 1
results in a rare (4,8)-connect-
ed net with the SchlNfli symbol
of {(44.62)2ACHTUNGTRENNUNG(4


16.612)} and has the
topology of a scu net (square
planar and cubical vertices).[8]


Except for a couple of inor-
ganic salt,[9a,b] such as PoCl2,
metal–organic complexes with
the scu-net topology are ex-
tremely rare.[9c] Remarkably,
like the rare (4,8)-connected
metal–organic replicas of fluo-
rite with the flu net which con-


tain tetrahedral and cubical vertices,[10] compound 1 repre-
sents the first extended metal–organic replicate of PoCl2
with the scu net containing an eight-connecting polynuclear
cluster and a large four-connecting organic ligand to date.
Furthermore, this unique tricobalt cluster is stabilized by
strong hydrogen-bonding interactions between the hydrogen
atoms of bridging water molecules and the noncoordinated
carboxylate oxygen atoms (H···O=1.919(2), O···O=


2.624(2) O, O�H···O=153.87(1)8). The 3D network contains
rhombic channels, with diagonal dimensions of 11.90P
15.74 O2 along the c axis, where the potassium ions and
guest water molecules reside to form a KI-water rod of
{(H2O)4(K2ACHTUNGTRENNUNG(H2O)4)}n (Figure S5a).


Compound 2 is an isostructure of a Zn species in our
early papers, but the similar dynamic self-organization pro-
cess was not observed owing to coordinating natures of dif-
ferent metal centers.[7c] The btec ligand also serves as an ex-
panded square planar node that connected to four CoII cen-
ters. Each CoII center is bound to four monodentate carbox-
ylate groups in a distorted tetrahedral geometry. The overall
3D porous framework of 2 adopts a (4,4)-connected net
with the SchlNfli symbol {42.84} and has the topology of a pts
net (Figure 2b).[11] This network contained rhombic channels
with a Co-to-Co cross section of 11.33P15.36 O2 along the c


Figure 1. Structural adaptation of 1 (left) and 2 (right) upon the dynamic adjustment of the CoII/KI concentra-
tion ratio. For structures of 1 and 2, Co=pink, C=white, O= sea-green, H=yellow, K=blue.
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axis, in which potassium ions and guest water molecules
reside (Figure S5b).


Both the scu and pts nets belong to the recently identified
28 three-periodic nets with two kinds of vertices and one
kind of link.[12] These edge-transitive binodal networks are
of great interest and have been attracting increasing atten-
tion relative to the design and synthesis of metal–organic
materials owing to their unique geometric and functional
properties.[9b] However, 3D networks with mixed connectivi-
ties, such (3,6)-, (4,6)-, and (4,8)-connected frameworks, are
still considered hard to achieve because of their greater geo-
metric limitations.[13] To fulfill the net topologies, the design
strategies used in this study focused on the selection of a
rigid organic ligand with four connectivities, as they provide
a suitable geometry that permits synthesis of the target


structures. As a result of the nature of cobalt ions, the for-
mation of the tricobalt cluster can be transformed toward
the monocobalt node (from eight- to four-connected nodes).


In conclusion, we demonstrate herein an unique supra-
molecular system and the successful synthesis of two metal–
organic frameworks which possess a rare (4,8)-connected
scu net and a (4,4)-connected pts net, respectively. The
former contains eight-connecting trinuclear cobalt-carboxyl-
ate clusters and square planar organic building units, the
latter has four-connecting tetrahedral metal nodes and
square planar organic linkers. The spontaneous self-adjust-
ment of the KI/CoII concentration ratio offers a strong driv-
ing force that determines the self-assembled frameworks.
We believe that the autonomous structural adaptation of a
self-organizing process may occur in other supramolecular
systems in response to a self-dynamic change in the ratio of
building units under mild conditions. However, such an in-
ternal stimulus is often ignored. Our results highlight an im-
portant concept and help get a better understanding of a
few unique and ambiguous problems with the self-assembly
of MOF materials.


Experimental Section


MOFs 1 and 2 : A solution of CoCl2·6H2O (0.40 mmol) in ethanol (5 mL)
was carefully layered on top of a bilayer solution comprised of a solution
of K4btec (0.20 mmol) in water (5 mL) on the bottom and a buffer sol-
vent of THF on the top. It was then allowed to stand at room tempera-
ture for three days, whereupon scarlet needle-like crystals of 1 were form
in 80% yield (based on K4btec). After allowing the solution to stand for
further seven days, violet rod-like crystals of 2 appeared in about 1%
(based on K4btec). The solid product was washed with deionized water
and ethanol, and dried in air. Elemental analysis calcd (%) for 1,
C20H24Co3K2O26: C 25.68, H 2.59; found: C 25.24, H, 2.58; for 2, calcd for
C10H16CoK2O15: C 23.40, H 3.14; found: C 23.42, H, 3.35.


Following a similar procedure, but with a different concentration of
CoCl2·6H2O, CoCl2·6H2O (0.16 mmol) and K4btec (0.20 mmol) were in-
troduced into the reaction system. The scarlet crystals of 1 were formed
in the first several days, and then the violet crystals of 2 generated. Be-
cause this supramolecular system is not always totally homogeneous,
both compounds 1 and 2 can be forming for a further period of time.
Yield of 1: 46%, 2 : 47% (based on CoCl2·6H2O). Crystal data for 1:
C20H24Co3K2O26, Mr=935.38, monoclinic, C2/m, a=15.737(2), b=


11.901(1), c=9.467(1) O, b=113.29(1) 8, V=1628.5(4) O3, Z=2, 1calcd=


1.908 gcm�3, R1=0.0458, wR2=0.1349, GOF=1.160. Crystal data for 2 :
C10H16CoK2O15, Mr=513.36, monoclinic, C2/c, a=11.335(1), b=


15.368(3), c=11.167(2) O, b=90.95(1) 8, V=1945.0(6) O3, Z=4, 1calcd=


1.753 gcm�3, R1=0.0441, wR2=0.1264, GOF=1.076. CCDC 688763 (1)
and 688764 (2) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
Experimental details on dynamic self-assembly of 1 and 2, crystal struc-
ture determination and other physical measurement studies are given in
the Supporting Information.
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Figure 2. Schematic representations of a) an eight-connecting cubical unit
and a four-connecting square-planar btec node in 1 (Co=pink, C=white,
O= sea-green, H=yellow), and a view of the scu net. b) a four-connect-
ing tetrahedral unit and a four-connecting btec node in 2, and a view of
the pts net.
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Metal-Directed Dynamic Formation of Tertiary Structure in Foldamer
Assemblies: Orienting Helices at an Angle


Nicolas Delsuc,[a] Marie Hutin,[c] Victoria E. Campbell,[b] Brice Kauffmann,[a]


Jonathan R. Nitschke,*[b] and Ivan Huc*[a]


A number of non-natural folding oligomers—or folda-
ACHTUNGTRENNUNGmers—have been shown to adopt well-defined helical or ex-
tended conformations resembling the secondary structures
of biopolymers.[1] Interest in foldamers stems from the pros-
pect that if the forms of biopolymers can be mimicked, their
functions may be mimicked as well and even be further ex-
panded, thereby opening the perspective of countless appli-
cations. Thus, one major line of development in foldamer
chemistry is the investigation of function; for example, bio-
logical activity[2,3] and molecular-recognition properties.[4,5]


However, even in nature, isolated secondary structures ach-
ieve little function relative to tertiary or quaternary struc-
tures. Another line of foldamer development and a major
challenge in synthetic chemistry is thus to elaborate strat-
egies to design, produce, and characterize artificial, folded
objects composed of several non-natural secondary ele-
ments. Key steps recently taken in this direction have al-
lowed the first characterizations of artificial “tertiary” or
“quaternary” folded motifs in the solid state.[6] In this en-
deavor, the objective is not simply to reproduce natural pat-
terns using non-natural scaffolds, but also to explore pat-
terns that do not exist in nature. Here we report on the use


of metal complexes as dynamic connection elements be-
tween oligomeric helical segments. Specifically, a metal com-
plex was used to connect and define the relative orientation
of two helices, as does a turn structure in proteins, but at an
unconventional angle. A tetrahedral CuI ion was shown to
impart a roughly perpendicular orientation between two
helices, whilst an octahedral FeII center oriented two helices
in an almost parallel fashion.


Aromatic oligoamides (AOA4s) of 8-amino-2-quinoline
carboxylic acid adopt particularly stable helical conforma-
tions in the solid state and in a wide variety of solvents.[7]


They provide a firm foundation upon which to build in mod-
ular fashion towards large multi-helical, folded architectures.
Several reports describe the irreversible covalent attachment
of AOA4s.[6a,8] Alternatively, dynamic linkages that let the
system self-organize facilitate synthesis and allow one to use
thermodynamic equilibration to probe a given system4s in-
trinsic preferences.[9] We thus set out to explore the use of
reversible linkages based on metal complexes to connect
AOA4s. The dynamic formation of imine–CuI complexes
from amines, 6-methyl-2-formylpyridine and CuI


(Scheme 1)[10] was well-suited for this purpose, because it is
simple to implement and because the two levels of reversi-
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Scheme 1. Equilibrium between 1 and tetrahedral CuI complex 2. Helical
chirality (P/M) and chirality at the metal center (L/D) result in a mixture
of three racemic pairs of diastereomers for 2 : PLP/MDM (2a), PDP/
MLM (2b), and PLM/PDM (2c).
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ble bonding that it involves—imine formation and metal co-
ordination—provide many possibilities to fine-tune the
system.[11]


Amine-functionalized tetramer 1 (Scheme 1) adopts a hel-
ical conformation that spans over one-and-a-half turns. The
reaction of 1 with 6-methyl-2-formylpyridine and CuIBF4


(0.5 equiv) produced pseudotetrahedral CuI complex 2
quantitatively, as characterized by mass spectrometry,
1H NMR spectroscopy, and X-ray crystallography. The con-
formation of 2 features several intrinsically chiral elements
that are all expected to undergo dynamic exchange: the
right (P) or left (M) handedness of the two helical segments,
and the L or D configuration[12] of the metal complex. The
latter undergoes racemization through dissociation of at
least one nitrogen atom from the metal; the former may un-
dergo racemization through ligand exchange or through
helix-handedness inversion. A total of six species, three en-
antiomeric pairs of diastereomers, is thus expected: two
pairs in which both helices have the same handedness PLP/
MDM (2a) and PDP/MLM (2b) and one pair in which the
two helices have opposite handedness PLM/PDM (2c). The
proportions between these species are expected to reflect
the balance of attractive and repulsive intramolecular inter-
actions between the various chiral components within each
configuration. In the theoretical case in which the handed-
ness of a given helix may be equally P or M regardless of
the L or D configuration of the CuI complex and regardless
of the P or M handedness of the other helix, the proportions
of 2a, 2b, and 2c, would be 25, 25, and 50 %, respectively,
2c being twice as abundant as the other two, because it may
be constructed in two degenerate ways.


The conformational preferences of 2 were first assessed
by 1H NMR spectroscopy. Depending on whether metal
ligand exchange and helix handedness inversion are fast or
slow processes on the NMR timescale, 2a–2c may give rise
to distinct or average signals. In the slow exchange regime,
different patterns are expected according to the symmetry
of the molecules: the two helical segments are equivalent in
2a and 2b, whereas they are inequivalent (diastereomeric
with respect to the metal complex) in 2c. Twice as many sig-
nals are thus expected for 2c than for 2a and 2b.


In an initial attempt, a derivative of 2 was prepared not
from 6-methyl-2-formylpyridine but from 2-formylpyridine.
The mass spectra revealed complete formation of the ex-
pected product, but the NMR spectra were broad, which we
interpreted as resulting from fast racemization at the CuI


stereocenter (Figure 1c). A methyl group in the 6-position
of the pyridine ring is expected to slow this process[13] and
indeed, the spectra of 2 in CD2Cl2 were sharp (Figure 1b).
Three new sets of peaks can be distinguished according to
their relative intensity (7%, 44 % and 49 %). Only minor
variations of these proportions occurred upon cooling to
213 K or upon using CD3CN as a solvent. The multiplicity of
the signals allowed us to assign unambiguously the species
of intermediate abundance as 2c. The major and minor spe-
cies thus correspond to either 2a or 2b. Similar proportions
and a more pronounced separation of the signals were ob-


served when 6-methyl-2-formylpyridine was replaced by 2-
quinoline carboxaldehyde (Figure 1a). These results indicat-
ed a high degree of communication between the handedness
of each helix and the configuration of the neighboring metal
center. Additionally, the proportions observed experimental-
ly fit a model in which 2c is statistically favored over 2a and
2b by a factor of 2, thus allowing us to rule out a direct in-
fluence of the handedness of one helix over the other.[14]


Such an influence could create a bias in favor of homoheli-
cal species (2a, 2b) or heterohelical species (2c). The mech-
anism by which chiral communication takes place between
each helix and the metal complex cannot be deciphered
from solution studies, but it may be pointed out that the sig-
nals of the major species all appear upfield from those of
the minor species, suggesting stronger p–p stacking and as-
sociated ring current effects in the former.


Crystallographic investigations proved particularly suc-
cessful as they allowed the characterization of four out of
the six possible forms of 2 (Figure 2, see also Supporting In-
formation). The heterohelical species 2c and the homoheli-
cal species 2a crystallized as racemates from MeOH and
benzene, respectively. The selection during crystallization of
a single diastereomeric pair of enantiomers from among the
three pairs present in solution thus entailed a sorting of the
dynamic library of diastereomers.[15]


In both structures, each 2-iminopyridine moiety is perpen-
dicular to the terminal quinoline ring of the helix to which it
belongs due to the gauche conformation of the ethylene
spacer. As expected, the two 2-iminopyridine moieties
formed a tetrahedral complex with CuI. This geometry thus
dictated an unusual, roughly perpendicular, orientation be-
tween the two helices. Helix orientation is additionally stabi-
lized by the stacking of each helix4s 2-iminopyridine moiety
upon the terminal quinoline residues of the other helix. This
would appear to account for the slow inversion of the helix
handedness of 2 on the NMR timescale, as illustrated by


Figure 1. Part of the 500 MHz 1H NMR spectra of 2 (b) and of analogues
derived from 2-formylpyridine (c) and 2-quinolinecarboxaldehyde (a).
Spectra were recorded at 253 K in CD2Cl2. The selected window shows
all aryl–amide resonances. In a) and b), signals belonging to the PLM/
PDM isomer are marked with stars, and signals belonging to the PLP/
MDM and PDP/MLM isomers with white and black circles, respectively.
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diastereotopic 1H NMR signals of its OCH2 groups (not
shown), whereas this process occurs quickly on the NMR
timescale in 1. The structures of 2a and 2c differ little over-
all, except in the p–p stacking mentioned above. Indeed, the
handedness inversion of one helix that converts 2a into 2c
involves a 1808 flip of the terminal quinoline residue with
respect to the 2-formylpyridine moiety of the other helix
(Figure 2c).


In addition to CuI, imine bonds may also be readily tem-
plated by using FeII.[16] Up to three helix–pyridylimine li-
gands might be expected to coordinate to an iron(II) center,
potentially resulting in a large number of P/M, L/D, and fac/
mer stereoisomers. Mixing 1 with 2-formylpyridine and FeII-
ACHTUNGTRENNUNG[BF4]2 (0.33 equiv) in acetonitrile rapidly gave a dark purple
solution. Mass spectra indicated the presence of three dis-
tinct species in solution: free 1, an FeII complex containing
two helix–pyridylimine ligands and two hydroxide ligands
(3), and a second FeII complex bearing three helix–pyridyl-
ACHTUNGTRENNUNGimine ligands (4). NMR spectra of this mixture were com-
plex (see the Supporting Information), consistent with the
presence of numerous stereoisomers. Employing a 60 kHz
1H sweep width we did not observe paramagnetic NMR res-
onances that could be attributed to 3, which suggested that
low-spin FeII might be present, with 1H resonances hidden
among those attributable to the [Fe2L3]


+ complex, or that
the metal might be in equilibrium between both spin states,
with no observable 1H resonances.[17]


Crystallization experiments gave a purple solid of non-
crystalline appearance mixed with green single crystals. X-
ray diffraction carried out upon the latter provided the crys-
tal structure of 3 (Figure 3): a racemic MDM/PLP FeII com-
plex bearing only two helix–iminopyridine ligands as well as
two hydroxide counterions bound directly to the metal
center. The mixture of constitutionally distinct FeII com-
plexes 3 and 4 is thus sorted during crystallization, with 3


forming well-ordered crystals, but 4 presumably forming less
crystalline material, as might be expected given the appa-
rently large number of stereoisomers of 4 present. Complex
3 differs from 2 in several important respects. The relative
orientation of the two helices imparted by the octahedral
geometry of FeII is almost parallel. The two hydroxide li-
gands of FeII appear to play a role in this orientation as they
seem to prevent the helices from folding back on the imino-
pyridine moieties.


Though less extensively characterized than 2, the structure
of complex 3 further validates metal-directed dynamic as-
sembly as an efficient approach to assemble helically folded,
aromatic–amide oligomers and to set precisely their relative
orientation. The unconventional 908 angle between two heli-
ces in 2 constitutes a novel motif that hints at the prospect
of assembling large square structures comprised of helical
oligomer “edges” bearing amine functions at both extremi-
ties linked by metal complexes at each “corner”. In these
processes, mixtures of diastereomers are expected to self-
sort as allowed by the dynamic nature of the linkages. Alter-
natively, absolute helical handedness may be controlled in
AOA4s by means of chiral residues.[18] Research along these
lines is currently in progress.
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Introduction


Catalytic olefin hydroformylation with CO/H2 mixtures cur-
rently constitutes the main route for the production of
linear C3–C18 aldehydes. In most plants, these are subse-
quently converted into plasticiser and detergent alcohols, as
well as acids and other derivatives.[1–4] The world production
of oxo chemicals today reaches almost 10 million tons. Most
of the aldehydes are produced by low-pressure hydrofor-
ACHTUNGTRENNUNGmylation with RhI, which, when starting from terminal al-
kenes, affords mainly linear aldehydes when the catalyst is
based on triarylphosphane ligands, for example, PPh3.
Owing to the increasing importance of oxo products, consid-
erable efforts have been devoted in recent years to improv-
ing the regioselectivity of hydroformylation reactions. In
particular, research has focussed on the design and use of di-
phosphanes characterised by a large natural bite angle.[5–12]


Chelators of this type are known to favour the formation of
trigonal-bipyramidal hydrido–carbonyl species in which the
phosphorus atoms both occupy equatorial sites (ee configu-
ration in Scheme 1). Such a conformation often increases
the linear aldehyde selectivity, but does not constitute a
must for high regioselectivity. The latter is in fact controlled


by the ligand bite angle, which, if having the proper value,
may drive the hydride-transfer step towards the formation
of a linear rhodium–alkyl intermediate, which in turn leads
to a linear aldehyde.[1]


In the last decade, calixarenes have proved to be valuable
scaffolds for the synthesis of diphosphanes with strong che-
lation properties.[13–16] Of particular interest are calix[4]ar-
enes bearing two phosphite units distally located at the
lower rim,[17] here termed 1,3-calix[4]diphosphites
(Scheme 2). X-ray studies have revealed that these ligands
may give chelate complexes in which the P-M-P angles are
significantly larger than those observed in related complexes
with non-chelating ligands.[18, 19]


In a recent preliminary com-
munication, we reported that
the use of 1,3-calix[4]diphos-
phites in which both phospho-
rus atoms are substituted by the
bulky 1,1’-binaphthalene-2,2’-
dioxy (“bino”) group led to a
high proportion of linear alde-
hydes in the hydroformylation
of octene. This effect is mark-


Abstract: The hemispherical diphos-
phites (R,R)- or (S,S)-5,11,17,23-tetra-
tert-butyl-25,27-di(OR)-26,28-bis(1,1’-
binaphthyl-2,2’-dioxyphosphanyloxy)-
calix[4]arene (R=OPr, OCH2Ph,
OCH2-naphtyl, O-fluorenyl; R=H,
R’=OPr) (LR), all with C2 symmetry,
have been synthesised starting from
the appropriate di-O-alkylated calix[4]-
arene precursor. In the presence of
[Rh ACHTUNGTRENNUNG(acac)(CO)2], these ligands
straightforwardly provide chelate com-
plexes in which the metal centre sits in
a molecular pocket defined by two
naphthyl planes related by the C2 axis
and the two apically situated R groups.
Hydroformylation of octene with the
LPr/Rh system turned out to be highly


regioselective, the linear-to-branched
(l:b) aldehyde ratio reaching 58:1. The
l:b ratio significantly increased when
the propyl groups were replaced by
-CH2Ph (l:b=80) or -CH2naphthyl
(l:b=100) groups, that is, with substitu-
ents able to sterically interact with the
apical metal sites, but without inducing
an opening of the cleft nesting the cat-
alytic centre. The trend to preferential-
ly form the aldehyde the shape of
which fits with the shape of the catalyt-
ic pocket was further confirmed in the


hydroformylation of styrene, for which,
in contrast to catalysis with convention-
al diphosphanes, the linear aldehyde
was the major product (up to ca. 75%
linear aldehyde). In the hydroformyla-
tion of trans-2-octene with the Lbenzyl/
Rh system, combined isomerisation/hy-
droformylation led to a remarkably
high l:b aldehyde ratios of 25, thus
showing that isomerisation is more ef-
fective than hydroformylation. Unusu-
ally large amounts of linear products
were also observed with all the above
diphosphites in the tandem hydrofor-
mylation/amination of styrene (l:b of
ca. 3:1) as well as in the hydroformyla-
tion of allyl benzyl ether (l:b ratio up
to 20).


Keywords: calixarenes · homogene-
ous catalysis · hydroformylation ·
phosphites · rhodium
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Scheme 1. Trigonal-bipyramidal intermediates in the rhodium-catalysed
octene hydroformylation by using chelating diphosphanes with large bite
angles (ee and ae stand for equatorial–equatorial and axial–equatorial
configurations, respectively).


Scheme 2. General formula of
1,3-calix[4]diphosphites bear-
ing secondary Z groups.
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edly stronger than with related calixarenes containing P-
ACHTUNGTRENNUNG(OPh)2 substituents.[19] The high regioselectivity may be at-
tributed to the ability of the phosphorus substituents to
form a tight pocket about the rhodium centre, which, in line
with van LeeuwenOs proposals,[20,21] favours the formation of
linear products. Having four phenolic oxygen atoms at the
lower rim of the calixarene platform enables the tethering
of two further substituents (Z) so as to create, together with
the two P(OR)2 moieties, a hemispherical ligand environ-
ment that may then result in a greater “embrace” of the
metal. In the present contribution, we describe a series of
binol-derived 1,3-calix[4]diphosphites bearing various Z side
groups and show that these may be used efficiently in vari-
ous olefin hydroformylations. The results presented herein
illustrate how the introduction of properly chosen Z groups
may significantly improve the regioselectivity of the reac-
tion.


Results and Discussion


Synthesis of diphosphites : The double deprotonation with
NaH of the appropriate, distally O-dialkylated precursor (1–
5) followed by reaction with (S)- or (R)-(1,1’-binaphthalene-
2,2’-diyl)chlorophosphite (Scheme 3) led to the diphosphites
6–12. The compounds were obtained after workup (see Ex-
perimental Section) in yields between 14 and 75%. As ex-
pected, identical NMR spectra were obtained for the diaste-
reoisomeric pairs 6 and 7 as well as for 8 and 9. The “cone”
form of the calixarenes was inferred from the corresponding
13C NMR spectra, which show ArCH2Ar signals in a range
typical for this conformation (observed chemical shifts be-
tween d=31.43 and 33.55 ppm).[22] In keeping with a C2-
symmetrical structure, each 1H NMR spectrum displays two
distinct AB patterns for the diastereotopic ArCH2Ar pro-


tons, while the 31P NMR spectra exhibit a single signal in the
phosphite region (d=118.7–134.4 ppm). The conical struc-
ture of the backbone was further confirmed by a single-crys-
tal X-ray diffraction study of diphosphite 12 (Figure 1), al-


though the cone is flattened so that the O-propyl groups of
12 are pushed towards the calixarene axis and form with the
two naphthyl groups a molecular pocket. Careful examina-
tion of the crude reaction mixtures revealed for all of them,
except for that leading to 12, the presence of a minor by-
product, namely a “partial cone” isomer (vide infra), which
could be separated straightforwardly by fractional crystalli-
sation. In the case of 12, several by-products were formed
that were not identified. Two partial cone conformers, 13
and 14, could be isolated as pure products.


The assignment of a partial cone conformation was made
on the basis of the corresponding 13C NMR spectra, which


each shows four ArCH2Ar sig-
nals, two being typical for CH2


groups bridging anti-oriented
phenol rings, the other two in
accord with methylene groups
linking syn-oriented rings. The
31P NMR spectra both display
two distinct phosphite signals
separated by about 10 ppm. A
single-crystal X-ray diffraction
study was carried out for di-
phosphite 14, which confirmed
the proposed conformation
and revealed that the phospho-
rus atoms belong to anti-ori-
ented phenol rings (Figure 2)
of two distal phenol rings.


The ability of the conical
1,3-calixdiphosphites described
above to form chelate com-
plexes with rhodium was
proved by reacting 8 with [Rh-Scheme 3. Synthesis of calixarenes 6–12.


Figure 1. Molecular structure of 12 (S,S). Interplanar angle between con-
nected naphthyl moieties: 24.88 ; dihedral angles between facing phenoxy
rings of the calixarene: 72.68 (O1/O2), 24.78 (O3/O4). The molecule crys-
tallises with a molecule of toluene lying out of the cavity (not shown).
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ACHTUNGTRENNUNG(acac)(CO)2] (Scheme 4). This reaction afforded 15 in high
yield (75% after workup). Complex 15 is highly soluble in
hexane. Its mass spectrum shows a strong peak at 1659.59
corresponding to the [M]+ ion. All NMR spectra of 15 are
consistent with a C2-symmetrical molecule. For example, the
31P NMR spectrum shows a doublet centred at d=


126.4 ppm (J ACHTUNGTRENNUNG(Rh,P)=327 Hz), while the corresponding
1H NMR spectrum displays two AB systems for the
ArCH2Ar methylenic protons. The solid-state structure of
the M·8 moiety could not be determined because of lack of


good crystals, but is likely to be close to that of its analogue
in [Pd ACHTUNGTRENNUNG(h3-allyl)(6)]PF6,


[19] in which the metal centre sits on
the calixarene axis in a kind of cleft formed by two symmet-
rically situated naphthyl units that are perpendicular to the
P-M-P plane. In this complex, the ligand bite angle is 107.58.
MM2 calculations[23] caried out for [Rh(8)] reveal that the
two benzyl side groups delineate together with the two “P-
bino” moieties a hemispherical pocket (Figure 3). As in the
palladium complex, the naphthyl units forming the cleft are
inclined by about 458 with respect to the orientation defined
by the dz2 orbital.


Finally, we checked that the presence of the sterically en-
cumbered fluorenyl substituents in 16 (obtained by reacting
[Rh ACHTUNGTRENNUNG(acac)(CO)2 with 11) have no impact on the stability of
the complex.


Catalytic hydroformylation :
Only those diphosphites with a
conical calixarene skeleton,
namely the hemispherical li-
gands 6–12, were assessed in
hydroformylation reactions
(Scheme 5). The olefins tested
were octene, trans-2-octene, sty-
rene, allyl benzyl ether and nor-
bornene. The catalysts were
generated in situ.


Figure 2. Molecular structure of 14. The tBu groups have been omitted
for clarity. Interplanar angle between connected naphthyl moieties: 31.18
and 32.18. The molecule crystallises with a molecule of toluene (not
shown).


Scheme 4. Synthesis of complex 15.


Figure 3. Calculated MM2 structures of the Rh·8 moiety. The calculations
were carried out with metal parameters for a square-planar (left) and a
trigonal-bipyramidal (right) coordination geometry.
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1-Octene hydroformylation : These tests were carried out at
80 8C under 20 bar of CO/H2 using [Rh ACHTUNGTRENNUNG(acac)(CO)2] as pre-
cursor. With the exception of 11 (see below), all ligands
gave remarkably high linear-to-branched (l:b) aldehyde
ratios (l:b=34–102) provided an excess of diphosphite was
used (Table 1, see e.g., entries 1–4). As observed by other


authors, excess of ligand is necessary to prevent the forma-
tion of “naked” rhodium, which behaves as an unselective
catalyst.[24] Changing the pendant auxiliary groups induced
considerable variations in both reactivity and regioselectivi-
ty. As a general trend, larger Z substituents led to lower re-
action rates (Table 1, see, e.g., entries 1 and 6), the highest
turnover frequency (TOF) being found with the propyl-sub-
stituted calixarene 6 (TOF=1440 mol ACHTUNGTRENNUNG(olefin)mol(Rh)�1hA1).
A considerable selectivity increase with respect to 6 (l:b=


58) was observed for the ligands with Z=CH2Ph (8) and
CH2–naphthyl (10), both resulting in a l:b > 100 (Table 1,
entries 1, 3 and 6). Thus, substituents which seemingly in-
crease the metal confinement favour the formation of the
linear aldehyde. However, there is no simple relationship
between the size of the Z group and the selectivity, as can


be seen when considering the poor selectivity (l :b=3.3) ob-
tained with ligand 11 with two fluorenyl units. In fact, these
modify the metal confinement as a result of strong steric in-
teractions with both the calixarene backbone and the naph-
thyl groups, thereby modifying the degree of confinement of
the metal olefin unit (vide infra). We found that the high
preference obtained for the linear product with 8 and 10
was maintained until the end of the reaction; for example,
the l:b ratio was still 80 after 24 h reaction time with diphos-
phite 8 (Table 1, entry 3). The presence of four tert-butyl
substituents on the upper rim of the calixarene turned out
to have a beneficial influence on the activity and on the re-
gioselectivity. Thus, in contrast to the reactions carried out
with the tetrabutylated calixarene ligands, those performed
with diphosphite 12 resulted in a decrease of aldehyde selec-
tivity with time (l:b=91.6 at 19.7% conversion, l:b=34.0 at
98.5% conversion; Table 1, entry 8), the only branched alde-
hyde produced being 2-methyl octanal. A similar l:b de-
crease has already been observed by Bçrner et al. with
other phosphorus-containing calixarenes.[25] The reason for
the selectivity decrease with 12 remains unclear. Possibly
ligand 12 displays a weaker chelating power and therefore
decoordinates gradually, hence leading to a less selective
catalyst. The fact that 2-methyl octanal is the only branched
aldehyde seen suggsts that under the conditions used, this
aldehyde originates directly from 1-octene rather than from
2-octene, since hydroformylation of the latter was shown to
result also in 2-ethyl heptanal.


In all the tests in which L:Rh ratios of ten were applied
internal olefins were produced, the proportion of 1-octene
converted to internal olefins being in some instances almost
as important as that transformed into aldehydes. The only
calixarenes for which olefin isomerisation remained relative-
ly low with respect to hydroformylation were the benzyl-
substituted calixarenes 8 and 9 (Table 1, entries 3 and 5). It
is worth mentioning here that no octane was detected in
these reactions. As expected, no significant differences were
observed between the two diastereoisomeric diphosphites
(S,S)-8 and (R,R)-9 (Table 1, entries 3 and 5).


trans-2-Octene hydroformylation : Given that the systems de-
scribed above may act as isomerisation catalysts, we decided
to extend our investigations to the hydroformylation of
trans-2-octene, with the expectation that this would produce
appreciable amounts of nonanal. The selective formation of
linear aldehydes starting from internal alkenes is still an im-
portant challenge in industrial hydroformylation. The tests
were carried out at 120 8C with the diphosphites 6, 8, 10 and
12 (Table 2), namely with those giving the best regioslectivi-
ties in the hydroformylation of 1-octene. As there, the hy-
droformylation rate of 2-octene decreased with the calixar-
ene ligands with the larger auxiliary groups, while the corre-
sponding regioselectivity increased. The highest l:b ratio,
25.3, was obtained with diphosphite 10, which bears two
CH2–naphthyl groups (Table 2, entry 3). The observation of
such a high regioselectivity implies that at the temperature
of the reaction (120 8C), isomerisation of trans-2-octene to


Scheme 5. Rhodium-catalysed hydroformylation of olefins.


Table 1. Rhodium-catalysed hydroformylation of 1-octene using diphos-
phites 6, 8–12.[a]


L L/ t Conv[b] TOF[c] Product distribution l:b[f]


Rh [h] [%] Olefins[d]


[%]
Aldehydes[e]


[%]


1 6 10 1.2 34.5 1440 17.0 17.5 58.0
8 98.5 620 46.7 51.8 56.3


2 6 1 1 13.2 660 3.8 9.4 3.9
8 76.2 480 22.4 53.8 2.5


3 8 10 1 23.9 1190 3.0 20.9 >100[g]


4 53.3 670 3.5 49.8 78.3
24 87.3 180 12.1 75.2 80.1


4 8 1 1 23.1 1150 2.6 20.5 7.2
24 95.5 200 22.6 72.9 1.9


5 9 10 1 24.2 1200 1.8 22.4 >100[g]


24 94.5 200 13.6 80.9 71.0
6 10 10 1 14.4 720 6.3 8.1 >100[g]


4 48.5 600 29.5 19.0 101.6
7 11 10 4 28.8 360 2.0 26.8 3.3
8 12 10 1 19.7 980 7.9 11.8 91.6


4 51.0 640 22.2 28.8 86.9
24 98.5 205 44.4 54.1 34.0


[a] 1-octene (10 mmol), 1-octene/Rh=5000, P(CO/H2)=20 bar, T=80 8C,
toluene/n-decane (15 mL/0.5 mL), incubation overnight at 80 8C under
P(CO/H2)=15 bar. [b] Conversion: determined by GC using decane as
standard. [c] mol(converted 1-octene)mol(Rh)�1h�1. [d] Isomerised 1-
octene/initial 1-octene. [e] Aldehydes/initial 1-octene. [f] The l:b aldehyde
ratio takes into account branched aldehydes (which consist mainly of 2-
methyloctanal). [g] Exact value not determined because of a very low
amount of branched aldehydes.
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1-octene takes place efficiently. The remarkably high regio-
selectivity observed for 10 slightly surpasses that obtained
with the to date most effective ligand (l:b=24.7) for this re-
action, van LeeuwenOs 4,5-bis(9-dibenzo ACHTUNGTRENNUNG[b,d]phos-
ACHTUNGTRENNUNGpholyl)phenoxazine, a ligand with a calculated natural bite
angle of 128.98.[26] In comparison, the l:b ratio obtained with
PPh3


[8] in the hydroformylation of trans-2-octene does not
exceed 0.9. Calixarene 12, with no tert-butyl groups on the
upper rim, is the sole ligand for which the l:b ratio de-
creased during catalysis, as already observed when using this
ligand in the hydroformylation of 1-octene (Table 2,
entry 4). This could be a further indication that this ligand
tends to decoordinate with time.


Styrene hydroformylation : It is known that with usual rhodi-
um catalysts (e.g., Rh/PPh3), styrene gives mainly the corre-
sponding branched aldehyde, 2-phenylpropanal.[27] Thus, the
major isomer is the inverse of that observed for alkyl-mono-
substituted olefins. The most plausible explanation for this
regioselectivity is the ready formation of a h3-complex as
shown in Scheme 6.[28]


Remarkably, for all the ligands tested, except for 11
(Table 3, entry 7), hydroformylation of styrene gave the
linear aldehyde as the major product. Changes in the CO/H2


pressure induced changes in the regioselectivity, but the ac-
tivity was little affected. For example, on decreasing the
pressure from 20 to 10 bar in tests carried out with 6, the se-
lectivity for linear aldehyde rose from 58.8 to 65.2%
(Table 3, entries 1 and 3). The most striking result is that the


proportion of linear aldehyde dramatically increased on re-
placing the propyl groups of 6 (l:b=1.9) by benzyl groups
(ligand 8, l :b=3.2) for reactions at 10 bar. This effect was
also observed with calixarene 10, bearing the somewhat
longer methyl-2-naphtalenyl groups (l:b=3.4). These obser-
vations suggest that with these particular Z substituents, the
shape of the pocket no longer allows the formation of an h3-
complex with styrene, but only that of a conventional s-
alkyl complex involving the terminal carbon atom of the sty-
rene moiety. Note that these high selectivities persisted after
24 h (Table 3, entries 3 and 6). Ligand 12, which is the “de-
butylated” version of 6, also resulted in high proportions of
linear aldehyde, but the selectivity slightly dropped with
time (88.7% linear aldehyde after 1 h vs. 74.8% after 24 h;
Table 3, entry 8), as already seen during the hydroformyla-
tion of octene. Again, no significant differences were ob-
served between the two diastereoisomic diphosphites (S,S)-1
and (R,R)-2 (Table 3, entries 3 and 4). The behaviour of
ligand 11, which is not selective, resembles that of usual
phosphanes (Table 3, entry 7), suggesting again that this
ligand dissociates as the reaction proceeds.


Styrene hydroaminovinylation : The hydroaminovinylation of
olefins is an atom-economical domino reaction composed of
two steps: 1) hydroformylation of an olefin and 2) in situ
condensation of the resulting aldehyde with a secondary
amine to yield an enamine.[29,30] Surprisingly, this reaction is
not well-developed to date, even though it allows the direct
synthesis of unsaturated products under hydrogenation con-
ditions.[31–34] Encouraged by the performance of 1,3-calixdi-
phosphites in the hydroformylation of styrene, we repeated
this reaction, at 80 8C, in the presence of dibutylamine or pi-
peridine (Scheme 7). GC analysis revealed the formation of
enamines, aldehydes and amines, the linear regioisomer
being the major product within each category. The propor-


Table 2. Rhodium-catalysed hydroformylation of trans-2-octene using di-
phosphites 6, 8, 10 and 12.[a]


L t Conv[b] TOF[c] Product distribution l:b[f]


[h] [%] Isomerisation[d]


[%]
Aldehydes[e]


[%]


1 6 2 41.6 170 1.9 39.7 4.3
2 8 2 30.6 120 1.8 28.8 21.7
3 10 2 17.3 70 0.7 16.6 >25[g]


4 24.6 50 1.0 23.6 25.3
4 12 2 25.6 100 2.3 23.3 5.5


8 52.1 50 5.5 46.6 3.5
24 67.9 20 14.7 53.2 2.3


[a] trans-2-Octene (3.2 mmol), trans-2-octene/Rh=800, L/Rh=10, P(CO/
H2)=20 bar, T=120 8C toluene/n-decane (15 mL/0.5 mL), incubation
overnight at 80 8C under P(CO/H2)=15 bar. [b] Conversion: Determined
by GC using decane as standard. [c] mol(converted trans-2-octene)
mol(Rh)�1h�1. [d] Isomerised 2-octene/initial 2-octene. [e] Aldehydes/ini-
tial 2-octene. [f] The l:b aldehyde ratio takes into account all branched al-
dehydes (which consist mainly of 2-methyloctanal). [g] Exact value not
determined because of the very small amount of branched aldehydes.


Scheme 6. Hydroformylation of styrene.


Table 3. Rhodium-catalysed hydroformylation of styrene using diphos-
phites 6–8 and 10–12.[a]


L L/
Rh


P(CO/
H2)
[bar]


t
[h]


Conv[b]


[%]
TOF[c] Branched[b]


[%]
Linear[b]


[%]
l:b[d]


1 6 10 20 5 18.3 180 41.2 58.8 1.4
2 6 1 20 4 24.0 300 61.2 38.8 0.6
3 6 10 10 5 21.7 220 34.8 65.2 1.9


24 58.7 120 32.6 67.4 2.0
4 7 10 10 4 24.2 300 34.5 65.5 1.9
5 8 10 10 5.5 21.4 200 23.9 76.1 3.2
6 10 10 10 4 25.7 320 23.2 76.8 3.3


8 35.7 220 22.9 77.1 3.4
24 71.4 150 23.2 76.8 3.3


7 11 10 10 4 21.5 270 78.9 21.1 0.3
8 12 10 10 1 11.3 700 11.3 88.7 7.8


4 34.3 430 18.2 81.8 4.5
8 63.1 390 23.8 76.2 3.2


24 70.5 150 25.2 74.8 3.0


[a] Styrene (10 mmol), styrene/Rh=5000, T=80 8C, toluene/n-decane
(15 mL/0.5 mL), incubation overnight at 80 8C under P(CO/H2)=15 bar.
[b] Determined by GC using decane as internal standard. [c] mol(con-
verted styrene)mol(Rh)�1h�1. [d] l:b aldehyde ratio.
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tion of enamines present was between 51 and 98%
(Table 4). As expected, the proportion of linear product in-
creased in the order aldehyde<enamine<amine, this varia-
tion corresponding to the higher reactivity of the linear
product both in the condensation with the amine and in the
hydrogenation steps (Table 4, entry 4). Increasing the tem-
perature from 80 8C to 130 8C favoured hydrogenation and
consequently led to a lower proportion of enamines. At
higher temperatures, the proportion of linear regioisomer
was comparable for the three types of product (Table 4, en-
tries 2–4). With all the diphosphites tested (6, 8, 10–12), the
proportion of enamines was higher with piperidine than
with dibutylamine, this difference reflecting both an easier
condensation of piperidine with the aldehydes formed and a
more difficult hydrogenation step. The highest linear enam-


ine regioselectivity was ob-
tained by using diphosphite 12 :
82.8% with dibutylamine and
83.4% with piperidine, the pro-
portion of enamine being 69.4
and 83.8%, respectively
(Table 4, entries 11 and 12).
The fluorenyl ligand 11 pro-
duced high amounts of enamine
(ca. 98%; Table 4, entries 9 and
10), but, as already seen in sty-
rene hydroformylation with this
ligand, the branched product
was the major compound.


Allyl benzyl ether hydroformylation : 1,4-Butanediol is an
important chemical intermediate used industrially as solvent
and for the manufacture of plastics and fibers. A possible
synthesis of this intermediate consists of hydroformylating
an allyl ether. Butanediol is then produced after aldehyde
reduction followed by a deprotection step.[35] In this synthet-
ic route, the key step is the formation of the linear aldehyde
with a high regioselectivity. Considering the excellent regio-
slectivities observed for 1,3-calixdiphosphites in the hydro-
formylation of octenes and styrene, we investigated the
chemo- and regioselective hydroformylation of allyl benzyl
ether. The products formed in this reaction are shown in
Scheme 8.


As previously observed by
Lazzaroni et al. using
[Rh4(CO)12] as catalyst,[36] the
proportion of linear hydrofor-
mylation products increased on
raising the temperature. Thus,
by using 8, the l:b ratio in-
creased from 2.5 to 7.4 when
the temperature was brought
from 60 to 120 8C (Table 5, en-
tries 2–5). A similar effect was
observed by decreasing the re-
action pressure (Table 5, en-
tries 5, 6 and 9). Interestingly,
the total amount of by-products
(i.e. isomerised and hydrogenat-
ed allyl benzyl ether) did not
change on varying the pressure,
the temperature, or the reaction
time (Table 5, entries 2–9).
Under optimised conditions
(120 8C, 10 bar CO/H2), the
linear aldehyde selectivity ob-
served for the various diphos-
phites parallels the trend al-
ready observed in the hydrofor-
mylation of 1-octene, that is,
the l:b increases in the order 6
(5.0)<8 (10.0)<10 (15.7)


Scheme 7. Rhodium-catalysed hydroaminovinylation of styrene.


Table 4. Rhodium-catalysed hydroaminovinylation of styrene using diphosphites 6, 8, 10–12.[a]


L HNR2 T
[8C]


Conv[b]


[%]
Aldehydes[b]


[%] (l:b)
E-Enamines[b]


[%] (l:b)
Amines[b]


[%] (l:b)
PhEt[b]


[%]


1 6 HNC5H10 130 100 3.9 (59.8:40.2) 80.5 (71.9:28.1) 13.1 (72.3:27.7) 2.5
2 6 HNBu2 130 100 13.0 (76.8:23.2) 53.2 (75.8:24.2) 29.2 (75.1:24.9) 4.6
3 6 HNBu2 105 99.5 13.6 (75.0:25.0) 62.5 (76.8:23.2) 19.2 (78.8:21.2) 4.2
4 6 HNBu2 80 97.9 14.1 (67.4:32.6) 63.3 (71.4:28.6) 18.6 (80.4:19.4) 1.9
5 8 HNBu2 130 92.6 11.8 (67.1:32.9) 51.5 (66.0:34.0) 9.4 (67.3:32.7) 19.9
6 8 HNC5H10 130 98.6 3.8 (71.1:28.9) 82.5 (68.9:31.1) 8.2 (80.1:19.9) 4.1
7 10 HNBu2 130 99.4 8.7 (71.9:28.1) 80.3 (81.0:19.0) 6.7 (85.3:14.7) 3.7
8 10 HNC5H10 130 99.4 4.9 (78.7:21.3) 81.9 (79.0:21.0) 10.7 (92.9:7.1) 1.9
9 11 HNBu2 130 99.0 traces 97.6 (28.9:71.1) traces 1.4


10 11 HNC5H10 130 99.4 traces 98.4 (25.3:74.7) traces 1.0
11 12 HNBu2 130 99.7 7.5 (84.7:15.3) 69.4 (82.8:17.2) 21.8 (85.5:14.5) 1.0
12 12 HNC5H10 130 99.5 traces 83.8 (83.4:16.6) 13.4(85.0:15.0) 2.3


[a] Styrene (2.0 mmol), amine (2.4 mmol), L/Rh=10, Rh(CO)2(acac) (2 mmol, 0.1 mol%), toluene 30 mL,
P(CO/H2)=8 bar, 24 h, incubation overnight at 80 8C under P(CO/H2)=10 bar. [b] Determined by GC and
1H NMR spectroscopy.


Scheme 8. Rhodium-catalysed hydroformylation of allyl benzyl ether.
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(Table 5, entries 1, 9 and 10). The most chemo- and regiose-
lective tested ligand was the debutylated diphosphite 12, for
which only traces of by-products and a l:b ratio of 19.8 were
observed (Table 5, entry 12). This value compares with those
obtained by Claver with tris-(o-tert-butylphenyl)phos-
phite.[37] For comparison, under similar catalytic conditions
with PPh3 as ligand, an l:b ratio of 1.6 (Table 5, entry 13)
was obtained.


Norbornene asymmetric hydroformylation : All the phos-
phites prepared in this study were optically pure com-
pounds. We therefore assessed some of them, namely those
in which the naphthyl units have an S conformation, in the
asymmetric hydroformylation of norbornene. With only one
exception reported by Huang,[38] rhodium-catalysed hydro-
formylation of norbornene with chiral ligands is known to
give low optical induction (enantiomeric excess (ee) below
25%),[39,40] the major compound being, in general, the exo-
aldehyde. At 80 8C and under 20 bar of CO/H2, the diphos-


phites 6, 8, 10 and 12 gave low
eeOs (<18%; Table 6, entries 1–
3 and 10). We noted that the
eeOs increased on increasing the
size of the secondary substitu-
ent (propyl<benzyl<methyl-
naphtalenyl). A marked ee in-
crease was observed with the
fluorenyl-substituted calixarene
11; the ee here reaching 52%.
In this particular case, the abso-
lute conformation (R) is oppo-
site to the one obtained in all
other tests (Table 6, entry 4).
Lowering the temperature to
55 8C improved the ee to 61%
(Table 6, entry 5). Lower tem-
peratures or operating at lower
pressures led to lower eeOs
(Table 6, entries 6–9).


Structure–regioselectivity relationship : Whatever the type of
hydroformylation considered, all the diphosphites 6–10 re-
sulted in remarkably high linear aldehyde regioselectivities.
According to van Leeuwen, regioselectivity correlates essen-
tially with the bite angle of the diphosphane used, rather
than their mode of chelation (axial–axial or equatorial–
axial), in the corresponding catalytic trigonal-bipyramidal
intermediates (Scheme 1). For the ligands of the present
study, the calixarene backbone imposes a separation be-
tween the two phosphorus-bonded oxygen atoms that leads
to ligand bite angles close to 1108. A preliminary study re-
vealed that reaction of [Rh ACHTUNGTRENNUNG(acac)(8)] with CO/H2 (5 bar) led
selectively to the [RhH(CO)2(8)] complex, with both phos-
phorus atoms occupying equatorial sites.[41] MM2 calcula-
tions further showed that in such complexes, the rhodium
centre is roughly sandwiched between two symmetrically sit-
uated naphthyl groups (Figure 3, right), thus creating a di-
rectional constraint for the incoming olefin. Note, the two
planes forming the cleft that nests the metal are approxi-
mately parallel, but inclined by about 458 with respect to the
apical axis of the metal centre. The high degree of metal
embrace thus generated by the flat naphthyl substituents
was confirmed by an X-ray diffraction study of the structur-
ally related complex [Pd ACHTUNGTRENNUNG(h3-allyl)(6)]PF6 (P-M-P angle
107.58).[19] The reason why the regioselectivity observed in
octene hydroformylation may be significantly enhanced
upon replacement of the propyl side groups by -CH2Ph or
-CH2–naphthyl groups, that is, on increasing the hemispheri-
cal character of the ligand, is a matter of debate. Possibly
these substituents favourably interact with the apical hydri-
do ligand so as to drive the hydride-transfer step towards a
Rh–n-alkyl intermediate. They may also shape the pocket
about the metal centre and thus favourably orientate the co-
ordinated olefin. In contrast, the presence of fluorenyl
groups (in ligand 11) leads to a loss of selectivity. Clearly, in
this case, the bulkiness of the secondary groups modifies the


Table 6. Rhodium-catalysed asymmetric hydroformylation of norbornene
using diphosphites 6, 8, 10–12.[a]


L T
[8C]


P(CO/H2)
[bar]


Conv[b]


[%]
exo[b]


[%]
endo[b]


[%]
ee(exo)[c]


[%]


1 6 80 20 100 99.0 1.0 6 (S)
2 8 80 20 100 82.7 17.3 16 (S)
3 10 80 20 100 91.3 8.7 18 (S)
4 11 80 20 100 100 traces 52 (R)
5 11 55 20 100 100 – 61 (R)
6 11 30 20 71.1 100 – 51 (R)
7 11 80 10 100 100 traces 22 (R)
8 11 55 10 57.9 100 – 41 (R)
9 11 30 10 35.7 100 – 5 (R)


10 12 80 20 100 97.5 2.5 6 (S)


[a] Norbornene (0.8 mmol), L/Rh=10, norbornene/Rh=200, toluene
12 mL, 24 h, incubation overnight at 80 8C under P(CO/H2)=15 bar.
[b] Conversion: determined by 1H NMR spectroscopy. [c] Determined by
GC using a chiral column (Chirasil-DEX CB, 25 mR0.25 mm) after re-
duction into the alcohols.


Table 5. Rhodium-catalysed hydroformylation of allyl benzyl ether using diphosphites 6, 8, 10–12.[a]


L T P(CO/H2) Conv[b] Product distribution[b] l :b[c]


[8C] [bar] [%] Isomer. [%] Hydrogen. [%] Aldehydes [%]


1 6 120 10 100 traces 1.2 98.8 5.0
2 8 60 20 100 4.9 8.4 86.7 2.5
3 8 80 20 100 3.1 7.3 89.6 3.7
4 8 100 20 100 2.6 8.8 88.6 5.7
5 8 120 20 100 traces 11.2 88.8 7.4
6 8 120 30 100 1.9 11.6 86.5 5.3
7[d] 8 120 10 95 7.9 4.1 83 9.9
8[e] 8 120 10 100 4.1 8.1 87.8 10.0
9 8 120 10 100 traces 11.8 88.2 9.9


10 10 120 10 100 16.2 13.8 70 15.7
11 11 120 10 100 traces 20.8 79.2 6.5
12 12 120 10 100 traces traces 100 19.8
13 PPh3 120 10 100 traces – 100 1.6


[a] Allyl benzyl ether (0.8 mmol), L/Rh=10, allyl benzyl ether/Rh=400, toluene 15 mL, 24 h, incubation over-
night at 80 8C under P(CO/H2)=15 bar. [b] Conversion determined by 1H NMR spectroscopy. [c] The l:b alde-
hyde ratio takes into account all branched aldehydes, determined by 1H NMR spectroscopy. [d] 2 h. [e] 4 h.
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shape of the naphthyl clip, which opens slightly (in keeping
with MM2 calculations) as a result of steric interactions with
the calixarene backbone as well as the binaphthyl groups.
Overall, secondary substituents larger than a propyl group
that can sterically interact only with the axial positions ef-
fectively increase the selectivity, while bulkier ones that
induce a widening of the naphthyl pocket lead to a loss of
selectivity. A remarkable result of this study concerns the
hydroformylation of styrene, for which, unexpectedly, un-
usually large amounts of linear aldehyde were formed. The
observed ligand behaviour parallels that obtained with 6–12
in the hydroformylation of octene and therefore suggest a
late transition state for all these reactions. In the case of sty-
rene, the formation of a Rh–allyl intermediate as drawn in
Scheme 6 seems difficult to achieve for steric reasons. Thus,
styrene probably coordinates the metal by forming a con-
ventional p-complex before giving the “linear” alkyl com-
plex [Rh(CO)2(diphosphane) ACHTUNGTRENNUNG(PhCH2CH2)]. It is worth men-
tioning here that the embrace created by the hemispherical
ligands 6–10 in the hydroformylation of styrene is particular-
ly restrictive compared to that reported for other diphos-
phanes, notably Xantphos derivatives, and this may explain
why somewhat higher regioselectivities were obtained with
the former ligands.[10, 42]


Conclusion


In conclusion, the binol-derived calixphosphites 6–10 pro-
vide examples of hemispherical chelators able to efficiently
drive olefin hydroformylation reactions towards the forma-
tion of “linear” products. Our findings hold for octenes (ter-
minal and internal ones), styrene and allyl benzyl ether. The
observed high regioselectivities essentially result from a
combination of large ligand bite angles and the presence of
phosphorus substituents able to form a cleft about the metal
centre, hence creating in the catalytic intermediates the
right structural constraint for the incoming olefin and/or the
apical hydrido ligand. The presence of secondary calixarene
substituents able to sterically interact with the apical posi-
tions of bipyramidal [RhH(CO)ACHTUNGTRENNUNG(olefin)(diphosphane)] inter-
mediates can improve the regioselectivity, provided the sub-
stituents remain of moderate bulkiness; too large groups
giving rise to strong steric interactions with the naphthyl
groups and/or the calixarene backbone and therefore open-
ing the cleft that entraps the olefin. The results obtained in
asymmetric norbornene hydroformylation indicate that,
unlike the regioselectivity, enantioselectivity cannot be di-
rectly correlated with a strong metal embrace. Nevertheless,
it must be emphasised that the performance of the fluoren-
yl-substituted ligand 11, giving eeOs reaching 61%, is to date
only surpassed by a restricted number of diphosphanes. A
logical extension of this work could consist in introducing
chiral centres in the secondary groups and assessing if this
has an impact on the enantioselectivity. Overall, this study
shows, for the first time, that the use of hemispherical li-
gands, which may be regarded as ligands providing a “three-


dimensional” metal embrace, can increase the regioselectivi-
ty in hydroformylation with respect to more classical diphos-
phanes having a large bite angle.


Experimental Section


General methods : All syntheses were performed in Schlenk-type flasks
under dry nitrogen. Solvents were dried by conventional methods and
were distilled immediately prior to use. Routine 1H, 13C{1H} and 31P{1H}
NMR spectra were recorded by on a Bruker Avance 300 spectrometer.
1H NMR spectra were referenced to residual protonated solvents (d=


7.16 ppm for C6D6 and 7.26 ppm for CDCl3),
13C chemical shifts are re-


ported relative to deuterated solvents (d=128.0 ppm for C6D6 and
77.16 ppm for CDCl3) and the 31P NMR data are given relative to exter-
nal H3PO4. Elemental analyses were performed by the Service de Micro-
analyse, Institut de Chimie, UniversitG Louis Pasteur, Strasbourg. The
catalytic solutions were analysed by using a Varian 3900 gas chromato-
graph equipped with a WCOT fused-silica column (25 mR0.25 mm) or
with a Chirasil-DEX CB column (25 mR0.25 mm). Calixarenes 1,[43] 2,[43]


3[44] and 5[45] and the chlorophosphites [(R or S)-(1,1’-binaphthalene-2,2’-
diyl)]chlorophosphite[46] were prepared according to literature proce-
dures.


5,11,17,23-Tetra-tert-butyl-25,27-di-9-fluorenyloxy-26,28-dihydroxyca-
lix[4]arene (4: cone): 9-Bromofluorene (6.000 g, 24.5 mmol) was added
to a suspension of p-tert-butylcalix[4]arene (7.564 g, 11.7 mmol) and
K2CO3 (3.383 g, 24.5 mmol) in CH3CN (150 mL). The reaction mixture
was refluxed for 16 h, then the solvent was evaporated to dryness. The
residue was dissolved in CH2Cl2 (200 mL) and the resulting suspension
was treated with HCl (2n, 200 mL). The aqueous layer was extracted
with CH2Cl2 (2R100 mL). The organic layers were dried over MgSO4,
concentrated and the product was precipitated with methanol. The pre-
cipitate was filtered off and dried under vacuum to afford 4 as a white
solid (9.080 g, 80%). 1H NMR (300 MHz, CDCl3): d=7.69 (d, 3J=7.5 Hz,
4H; CH arom), 7.43 (d, 3J=7.9 Hz, 4H; CH arom), 7.42 (t, 3J=7.6 Hz,
4H; CH arom), 7.14 (t, 3J=7.2 Hz, 4H; CH arom), 7.01 (s, 4H; CH
arom), 6.92 (s, 2H; OH), 6.85 (s, 4H; CH arom), 5.96 (s, 2H; OCH), 4.24
and 3.17 (AB system, 2J=13.1 Hz, 8H; ArCH2Ar), 1.26 (s, 18H; C-
ACHTUNGTRENNUNG(CH3)3), 1.00 ppm (s, 18H; C ACHTUNGTRENNUNG(CH3)3);


13C{1H} NMR (75 MHz, CDCl3):
d=150.52–119.78 (arom COs), 84.76 (s, OCH), 33.99 (s, C ACHTUNGTRENNUNG(CH3)3), 33.75
(s, C ACHTUNGTRENNUNG(CH3)3), 32.26 (s, ArCH2Ar), 31.66 (s, C ACHTUNGTRENNUNG(CH3)3), 31.04 ppm (s, C-
ACHTUNGTRENNUNG(CH3)3); elemental analysis calcd (%) for C70H72O4·0.5MeOH (977.32+


16.02): C 85.24, H 7.51; found: C 85.22, H 7.76.


ACHTUNGTRENNUNG(S,S)-5,11,17,23-Tetra-tert-butyl-25,27-dipropoxy-26,28-bis(1,1’-binaphth-
yl-2,2’-dioxyphosphanyloxy)calix[4]arene (6: cone): A suspension of cal-
ixarene 1 (1.760 g, 2.41 mmol) and NaH (60% dispersion in oil, 0.250 g,
6.25 mmol) in toluene (40 mL) was heated under reflux for 16 h. [(S)-
(1,1’-Binaphthalene-2,2’-diyl)]chlorophosphite (1.750 g, 5.00 mmol) in tol-
uene (20 mL) was added at 0 8C and the reaction mixture was stirred for
2 h at room temperature. The crude reaction mixture was filtered through
aluminium oxide. The aluminium oxide was washed with toluene (2R
30 mL). The filtered solution was concentrated to about 5 mL. Addition
of hexane (30 mL) gave a precipitate containing 6 and its partial cone
isomer (31P{1H} NMR (121 MHz, C6D6) of partial cone calix: d =133.0 (s)
and 121.2 (s)). The mother liquor was then evaporated to dryness, afford-
ing 6 as pure white powder (1.690 g, 52%); 1H NMR (300 MHz, C6D6):
d=7.69–7.27 (m, 15H; CH arom), 7.18–6.98 (m, 10H; CH arom), 6.95–
6.75 (m, 7H; CH arom), 5.10 and 3.52 (AB system, 2J=13.0 Hz, 4H;
ArCH2Ar), 5.00 and 3.00 (AB system, 2J=13.0 Hz, 4H; ArCH2Ar), 4.00–
3.79 (m, 4H; OCH2), 2.06–1.85 (m, 4H; CH2CH3), 1.26 (s, 18H; C-
ACHTUNGTRENNUNG(CH3)3), 1.23 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 0.39 ppm (t, 3J=7.4 Hz, 6H; CH2CH3);
13C{1H} NMR (75 MHz, C6D6): d=154.10–121.98 (arom COs), 77.34 (s,
OCH2), 33.81 (s, CACHTUNGTRENNUNG(CH3)3), 33.79 (s, CACHTUNGTRENNUNG(CH3)3), 33.30 (s, ArCH2Ar), 31.96
(s, ArCH2Ar), 31.43 (s, C ACHTUNGTRENNUNG(CH3)3), 31.40 (s, C ACHTUNGTRENNUNG(CH3)3), 22.96 (s, CH2CH3),
9.44 ppm (s, CH2CH3);


31P{1H} NMR (121 MHz, C6D6): d=133.8 ppm (s,
OP ACHTUNGTRENNUNG(OAr)2); elemental analysis calcd (%) for C90H90O8P2·2 toluene
(1361.62+184.28): C 80.79, H 6.92; found: C 80.58, H 7.15.
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ACHTUNGTRENNUNG(R,R)-5,11,17,23-Tetra-tert-butyl-25,27-dipropoxy-26,28-bis(1,1’-binaphth-
yl-2,2’-dioxyphosphanyloxy)calix[4]arene (7: cone and 13: partial cone):
A suspension of calixarene 1 (1.760 g, 2.41 mmol) and NaH (60% disper-
sion in oil, 0.250 g, 6.25 mmol) in toluene (40 mL) was heated under
reflux for 16 h. [(R)-(1,1’-Binaphthalene-2,2’diyl)]chlorophosphite
(1.750 g, 5.00 mmol) in toluene (20 mL) was added at 0 8C and the reac-
tion mixture was stirred for 2 h at room temperature. The crude reaction
mixture was filtered through aluminium oxide. The aluminium oxide was
then washed with toluene (2R30 mL). The filtered solution was then con-
centrated to 5 mL and hexane (30 mL) was added precipitating 13
(0.295 g, 9%). The mother liquor was then evaporated to dryness, afford-
ing pure 7 as a white powder (2.034 g, 62%).


Cone calixarene 7: 1H NMR (300 MHz, C6D6): d=7.66–7.35 (m, 15H;
CH arom), 7.28 (d, 3J=8.8 Hz, 2H; CH arom), 7.14–6.99 (m, 8H; CH
arom), 6.91–6.77 (m, 7H; CH arom), 5.10 and 3.51 (AB system, 2J=


13.0 Hz, 4H; ArCH2Ar), 5.00 and 3.00 (AB system, 2J=12.8 Hz, 4H;
ArCH2Ar), 3.97–3.81 (m, 4H; OCH2), 2.01–1.91 (m, 4H; CH2CH3), 1.26
(s, 18H; CACHTUNGTRENNUNG(CH3)3), 1.23 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 0.39 ppm (t, 3J=7.4 Hz, 6H;
CH2CH3);


13C{1H} NMR (75 MHz, C6D6): d=154.09–121.98 (arom COs),
77.34 (s, OCH2), 33.79 (s, C ACHTUNGTRENNUNG(CH3)3), 33.29 (s, ArCH2Ar), 31.95 (s,
ArCH2Ar), 31.40 (s, CACHTUNGTRENNUNG(CH3)3), 22.96 (s, CH2CH3), 9.43 ppm (s, CH2CH3);
31P{1H} NMR (121 MHz, C6D6): d=133.7 ppm (s, OP ACHTUNGTRENNUNG(OAr)2); elemental
analysis calcd (%) for C90H90O8P2·1.5 toluene (1361.62+138.21): C 80.48,
H 6.85; found: C 80.52, H 6.97.


Partial cone calixarene 13 : 1H NMR (300 MHz, C6D6): d=7.83–7.73 (3H;
CH arom), 7.67–7.50 (10H; CH arom), 7.45–6.99 (12H; CH arom), 6.91
(br t, 3J=7.7 Hz, 2H; CH arom), 6.79 (br t, 3J=7.5 Hz, 1H; CH arom),
6.74 (d, 3J=8.8 Hz, 1H; CH arom), 6.66 (br t, 3J=7.3 Hz, 2H; CH arom),
6.53 (d, 4J=2.1 Hz, 1H; m-ArH), 5.13 and 3.42 (AB system, 2J=12.5 Hz,
2H; ArCH2Ar), 4.83 and 2.60 (AB system, 2J=13.0 Hz, 2H; ArCH2Ar),
4.39 and 4.08 (AB system, 2J=14.0 Hz, 2H; ArCH2Ar), 4.02 and 3.31
(AB system, 2J=13.4 Hz, 2H; ArCH2Ar), 3.90–3.69 (3H; OCH2), 3.60–
3.52 (m, 1H; OCH2), 2.12–2.04 (m, 2H; CH2CH3), 1.89–1.82 (m, 2H;
CH2CH3), 1.70 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.38 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.32 (s, 9H; C-
ACHTUNGTRENNUNG(CH3)3), 1.24 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.80 (t, 3J=7.4 Hz, 3H; CH2CH3),
0.70 ppm (t, 3J=7.4 Hz, 3H; CH2CH3);


13C{1H} NMR (75 MHz, C6D6):
d=154.19–121.67 (arom COs), 76.60 (s, OCH2), 76.35 (s, OCH2), 39.25 (s,
ArCH2Ar), 36.76 (s, ArCH2Ar), 34.16 (s, CACHTUNGTRENNUNG(CH3)3), 34.01 (s, C ACHTUNGTRENNUNG(CH3)3),
33.75 (s, C ACHTUNGTRENNUNG(CH3)3), 33.07 (s, ArCH2Ar), 32.12 (s, C ACHTUNGTRENNUNG(CH3)3), 31.93 (s,
ArCH2Ar), 31.51 (s, C ACHTUNGTRENNUNG(CH3)3), 31.47 (s, C ACHTUNGTRENNUNG(CH3)3), 31.42 (s, C ACHTUNGTRENNUNG(CH3)3),
23.82 (CH2CH3), 23.69 (CH2CH3), 10.18 (CH2CH3), 9.82 ppm (CH2CH3);
31P{1H} NMR (121 MHz, C6D6): d=133.1 (s, OP ACHTUNGTRENNUNG(OAr)2), 121.17 ppm (s,
OP ACHTUNGTRENNUNG(OAr)2); elemental analysis calcd (%) for C90H90O8P2·0.5C6H14


(1361.62+43.09): C 79.52, H 6.96; found: C 79.51, H 6.97.


ACHTUNGTRENNUNG(S,S)-5,11,17,23-Tetra-tert-butyl-25,27-dibenzyloxy-26,28-bis(1,1’-binaph-
ACHTUNGTRENNUNGthyl-2,2’-dioxy-phosphanyloxy)calix[4]arene (8: cone): A suspension of
calixarene 2 (2.000 g, 2.41 mmol) and NaH (60% dispersion in oil;
0.250 g, 6.25 mmol) in toluene (40 mL) was heated under reflux for 16 h.
[(S)-(1,1’-Binaphthalene-2,2’-diyl)]chlorophosphite (1.750 g, 5.00 mmol)
in toluene (20 mL) was added at 0 8C and the reaction mixture was
stirred for 2 h at room temperature. The crude reaction mixture was fil-
tered through aluminium oxide. The aluminium oxide was then washed
with toluene (2R30 mL). The filtered solution was concentrated to about
5 mL. Addition of hexane (30 mL) gave a precipitate containing 8 and its
partial cone isomer (31P{1H} NMR (121 MHz, C6D6) of the partial cone
isomer: d =133.5 (s), 120.3 ppm (s)). Pure 8 was obtained by evaporation
of the mother liquor (1.970 g, 56%); 1H NMR (300 MHz, C6D6): d=


7.69–7.34 (m, 20H; CH arom), 7.23–6.76 (m, 16H; CH arom, m-ArH),
6.71 (d, 4J=2.4 Hz, 4H; m-ArH), 6.57 (d, 4J=2.4 Hz, 2H; m-ArH), 5.39
and 4.93 (AB system, 2J=11.8 Hz, 4H; CH2Ph), 5.08 and 3.17 (AB
system, 2J=11.8 Hz, 4H; ArCH2Ar), 5.08 and 2.66 (AB system, 2J=


11.8 Hz, 4H; ArCH2Ar), 1.30 (s, 18H; CACHTUNGTRENNUNG(CH3)3), 1.01 ppm (s, 18H; C-
ACHTUNGTRENNUNG(CH3)3);


13C{1H} NMR (75 MHz, C6D6): d =151.94–121.43 (arom COs),
77.66 (s, OCH2), 33.78 (s, C ACHTUNGTRENNUNG(CH3)3), 33.61 (s, C ACHTUNGTRENNUNG(CH3)3), 33.54 (s,
ArCH2Ar), 31.78 (s, ArCH2Ar), 31.47 (s, CACHTUNGTRENNUNG(CH3)3), 31.12 ppm (s, C-
ACHTUNGTRENNUNG(CH3)3);


31P{1H} NMR (121 MHz, C6D6): d=123.6 ppm (s, OP ACHTUNGTRENNUNG(OAr)2);
elemental analysis calcd (%) for C98H90O8P2·toluene (1457.71+92.14): C
81.37, H 6.37; found: C 81.70, H 6.73.


ACHTUNGTRENNUNG(R,R)-5,11,17,23-Tetra-tert-butyl-25,27-dibenzyloxy-26,28-bis(1,1’-bi-
naphthyl-2,2’-dioxyphosphanyloxy)calix[4]arene (9: cone): A suspension
of calixarene 2 (2.000 g, 2.41 mmol) and NaH (60% dispersion in oil;
0.250 g, 6.25 mmol) in toluene (40 mL) was heated under reflux for 16 h
at 110 8C. [(R)-(1,1’-Binaphthalene-2,2’diyl)]chlorophosphite (1.750 g,
5.00 mmol) in toluene (20 mL) was added at 0 8C and the reaction mix-
ture was stirred for 2 h at room temperature. The crude reaction mixture
was filtered through aluminium oxide. The aluminium oxide was washed
with toluene (2R30 mL). The filtered solution was concentrated to about
5 mL. Addition of hexane (30 mL) gave a precipitate containing 9 and its
partial cone isomer (31P{1H} NMR (121 MHz, C6D6) of partial cone
isomer: d =133.6 (s), 120.0 ppm (s)). Pure 9 was obtained by evaporation
of the mother liquor (2.636 g, 75%). 1H NMR (300 MHz, C6D6): d=


7.66–7.39 (m, 20H; CH arom), 7.17–6.77 (m, 14H; CH arom), 6.79 (t,
3J=7.4 Hz, 2H; CH arom), 6.71 (d, 4J=2.0 Hz, 4H; m-ArH), 6.57 (d,
4J=2.2 Hz, 2H; m-ArH), 5.40 and 4.93 (AB system, 2J=11.8 Hz, 4H;
CH2Ph), 5.08 and 3.17 (AB system, 2J=13.0 Hz, 4H; ArCH2Ar), 5.08
and 2.65 (AB system, 2J=13.0 Hz, 4H; ArCH2Ar), 1.30 (s, 18H; C-
ACHTUNGTRENNUNG(CH3)3), 1.01 ppm (s, 18H; CACHTUNGTRENNUNG(CH3)3);


13C{1H} NMR (75 MHz, C6D6): d=


151.94–121.43 (arom COs), 77.68 (s, OCH2), 33.81 (s, C ACHTUNGTRENNUNG(CH3)3), 33.64 (s, C-
ACHTUNGTRENNUNG(CH3)3), 33.55 (s, ArCH2Ar), 31.77 (s, ArCH2Ar), 31.51 (s, C ACHTUNGTRENNUNG(CH3)3),
31.17 ppm (s, C ACHTUNGTRENNUNG(CH3)3);


31P{1H} NMR (121 MHz, C6D6): d=123.6 ppm (s,
OP ACHTUNGTRENNUNG(OAr)2); elemental analysis calcd (%) for C98H90O8P2·2C7H8


(1457.71+184.28): C 81.93, H 6.51; found: C 81.95, H 6.71.


ACHTUNGTRENNUNG(S,S)-5,11,17,23-Tetra-tert-butyl-25,27-di-2-methylnaphthalenyloxy-26,28-
bis(1,1’-binaphthyl-2,2’-dioxyphosphanyloxy)calix[4]arene (10: cone): A
suspension of calixarene 3 (0.847 g, 0.91 mmol) and NaH (60% disper-
sion in oil; 0.095 g, 2.37 mmol) in toluene (20 mL) was heated under
reflux for 16 h. [(S)-(1,1’-Binaphthalene-2,2’diyl)]chlorophosphite
(0.670 g, 1.91 mmol) in toluene (10 mL) was added at 0 8C and the reac-
tion mixture was stirred for an additional 2 h at room temperature. The
crude reaction mixture was filtered through aluminium oxide. The alumi-
nium oxide was washed with toluene (2R15 mL). The filtered solution
and washings were evaporated to dryness under reduced pressure. The
resulting solid was then dissolved in hot hexane. The solution was cooled
at �16 8C, yielding microcrystals of 10 (0.652 g, 46% yield) as a white
powder. The mother liquor contained 10 as well as its partial cone isomer
(31P{1H} NMR (121 MHz, C6D6): d=133.7 (s), 119.1 ppm (s)); Compound
10 : 1H NMR (300 MHz, C6D6): d =8.06 (s, 2H; CH arom), 7.70 (dd, 3J=


8.4 Hz, 4J=1.3 Hz, 2H; CH arom), 7.55–7.32 (m, 16H; CH arom), 7.23
(d, 3J=8.7 Hz, 2H; CH arom), 7.13–6.85 (m, 16H; CH arom), 6.74 (t,
3J=7.8 Hz, 2H; CH arom), 6.70 (d, 4J=2.0 Hz, 2H; m-ArH), 6.65 (d,
4J=2.2 Hz, 2H; m-ArH), 6.55 (d, 4J=2.2 Hz, 2H; m-ArH), 5.42 and 5.00
(AB system, 2J=11.9 Hz, 4H; OCH2), 5.21 and 3.12 (AB system, 2J=


13.0 Hz, 4H; ArCH2Ar), 5.13 and 2.71 (AB system, 2J=13.0 Hz, 4H;
ArCH2Ar), 1.25 (s, 18H; CACHTUNGTRENNUNG(CH3)3), 0.97 ppm (s, 18H; CACHTUNGTRENNUNG(CH3)3);


13C{1H}
NMR (75 MHz, C6D6): d =152.22–121.34 (arom COs), 77.96 (s, OCH2),
33.76 (s, C ACHTUNGTRENNUNG(CH3)3), 33.61 (s, C ACHTUNGTRENNUNG(CH3)3), 33.49 (s, ArCH2Ar), 31.75 (s,
ArCH2Ar), 31.44 (s, CACHTUNGTRENNUNG(CH3)3), 31.09 ppm (s, CACHTUNGTRENNUNG(CH3)3);


31P{1H} NMR
(121 MHz, C6D6): d=122.0 ppm (s, OP ACHTUNGTRENNUNG(OAr)2); elemental analysis calcd
(%) for C106H94O8P2 (1557.86): C 81.72, H 6.08; found: C 81.63, H 6.13.


ACHTUNGTRENNUNG(S,S)-5,11,17,23-Tetra-tert-butyl-25,27-di-9-fluorenyloxy-26,28-bis(1,1’-bi-
naphthyl-2,2’-dioxyphosphanyloxy)calix[4]arene (11: cone and 14: partial
cone): A suspension of calixarene 4 (2.350 g, 2.41 mmol) and NaH (60%
dispersion in oil; 0.250 g, 6.25 mmol) in toluene (40 mL) was heated
under reflux for 16 h. [(S)-(1,1’-Binaphthalene-2,2’diyl)]chlorophosphite
(1.750 g, 5.00 mmol) in toluene (20 mL) was added at 0 8C and the reac-
tion mixture was stirred for 2 h at room temperature. The crude reaction
mixture was filtered through aluminium oxide and the aluminium layer
was washed with toluene (2R30 mL). The filtered solution and washings
were concentrated to about 5 mL. Addition of petroleum ether (50 mL)
afforded crystals of 14 (partial cone) (0.350 g, 9%). The mother liquor
was then evaporated to dryness. The residue was treated with hot
hexane. The thus obtained suspension was filtered through a glass fritt,
then evaporated to dryness, yielding pure 11 (cone) (0.530 g, 14%)


Cone calixarene 11: 1H NMR (300 MHz, C6D6): d =8.76 (d, 3J=7.5 Hz,
2H; CH arom), 7.65–7.60 (m, 4H; CH arom), 7.55–7.46 (m, 10H; CH
arom), 7.24 (d, 3J=8.6 Hz, 2H; CH arom), 7.16–6.99 (m, 12H; CH
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arom), 6.87 (t, 3J=7.5 Hz, 2H; CH arom), 6.80–6.69 (m, 6H; CH arom),
6.61 (t, 3J=7.7 Hz, 2H; CH arom), 6.50 (d, 3J=7.5 Hz, 2H; CH arom),
6.41 (br s, 4H; CH arom), 6.17–6.14 (m, 4H; CH arom and OCH), 5.68
and 3.32 (AB system, 2J=12.6 Hz, 4H; ArCH2Ar), 5.04 and 2.55 (AB
system, 2J=13.2 Hz, 4H; ArCH2Ar), 1.12 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 1.04 ppm (s,
18H; C ACHTUNGTRENNUNG(CH3)3);


13C{1H} NMR (75 MHz, C6D6): d=151.51–119.42 (arom
COs), 84.20 (s, OCH), 33.76 (s, C ACHTUNGTRENNUNG(CH3)3), 33.61 (s, C ACHTUNGTRENNUNG(CH3)3), 33.37 (s,
ArCH2Ar), 32.92 (s, ArCH2Ar), 31.24 (s, CACHTUNGTRENNUNG(CH3)3), 31.19 ppm (s, C-
ACHTUNGTRENNUNG(CH3)3);


31P{1H} NMR (121 MHz, C6D6): d=118.7 ppm (s, OP ACHTUNGTRENNUNG(OAr)2);
elemental analysis calcd (%) for C110H94O8P2 (1605.90): C 82.27, H 5.90;
found: C 82.24, H 5.71.


Partial cone calixarene 14 : 1H NMR (300 MHz, C6D6): d=8.42 (d, 3J=


7.4 Hz, 1H; CH arom), 7.74–6.73 (m, 1H; CH arom), 6.63–6.58 (m, 2H;
CH arom), 6.48 (br s, 2H; CH arom), 6.39 (d, 3J=8.8 Hz, 1H; CH arom),
6.30 (d, 3J=7.5 Hz, 1H; CH arom), 5.98 (s, 1H; OCH), 5.68 (s, 1H;
OCH), 5.32 and 3.21 (AB system, 2J=12.4 Hz, 2H; ArCH2Ar), 4.77 and
2.45 (AB system, 2J=13.4 Hz, 2H; ArCH2Ar), 4.00 and 3.42 (AB system,
2J=13.7 Hz, 2H; ArCH2Ar), 3.95 and 3.21 (AB system, 2J=13.9 Hz, 2H;
ArCH2Ar), 1.41 (s, 9H; CACHTUNGTRENNUNG(CH3)3), 1.35 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.29 (s, 9H; C-
ACHTUNGTRENNUNG(CH3)3), 1.14 ppm (s, 9H; C ACHTUNGTRENNUNG(CH3)3);


13C{1H} NMR (75 MHz, C6D6): d=


152.16–119.37 (arom COs), 83.50 (s, OCH), 82.26 (s, OCH), 39.21 (s,
ArCH2Ar), 36.90 (s, ArCH2Ar), 34.13 (s, CACHTUNGTRENNUNG(CH3)3), 33.90 (s, C ACHTUNGTRENNUNG(CH3)3),
33.80 (s, C ACHTUNGTRENNUNG(CH3)3), 33.57 (s, C ACHTUNGTRENNUNG(CH3)3), 32.74 (s, ArCH2Ar), 32.34 (s,
ArCH2Ar), 31.86 (s, C ACHTUNGTRENNUNG(CH3)3), 31.83 (s, C ACHTUNGTRENNUNG(CH3)3), 31.57 (s, C ACHTUNGTRENNUNG(CH3)3),
31.20 ppm (s, C ACHTUNGTRENNUNG(CH3)3);


31P{1H} NMR (121 MHz, C6D6): d=133.4 (s, OP-
ACHTUNGTRENNUNG(OAr)2), 119.46 ppm (s, OP ACHTUNGTRENNUNG(OAr)2); elemental analysis calcd (%) for
C110H94O8P2·toluene (1605.90+92.14): C 82.76, H 6.05; found: C 82.84, H
5.88. Crystals (colourless) of 14 suitable for X-ray diffraction were ob-
tained by slow diffusion of petroleum ether into a solution of a mixture
of 11 and 14 in toluene (see above, preparation of 14).


ACHTUNGTRENNUNG(S,S)-25,27-Dipropyloxy-26,28-bis(1,1’-binaphthyl-2,2’-dioxyphosphany-
loxy)calix[4]arene (12: cone): A suspension of calixarene 5 (1.220 g,
2.41 mmol) and NaH (60% dispersion in oil; 0.250 g, 6.25 mmol) in tolu-
ene (40 mL) was heated under reflux for 16 h. [(S)-(1,1’-Binaphthalene-
2,2’diyl)]chlorophosphite (1.750 g, 5.00 mmol) in toluene (20 mL) was
added at 0 8C and the reaction mixture was stirred for 2 h at room tem-
perature. The crude reaction mixture was filtered through aluminium
oxide. The aluminium layer was washed with toluene (2R30 mL). The fil-
tered solution and the washings were concentrated to about 5 mL and pe-
troleum ether was added (50 mL). After 3 days, colourless crystals of
pure 12 were collected (0.580 g, 21%). As revealed by NMR spectrosco-
py, the mother liquor contained several other products which were not
isolated. 1H NMR (300 MHz, C6D6): d=7.63–7.37 (m, 18H; CH arom),
7.29 (d, 3J=8.7 Hz, 2H; CH arom), 6.89 (t, 3J=7.6 Hz, 2H; CH arom),
6.81 (d, 3J=8.1 Hz, 4H; CH arom), 6.37–6.61 (m, 8H; CH arom), 6.46
(d, 3J=7.1 Hz, 2H; CH arom), 5.03 and 3.44 (AB system, 2J=13.6 Hz,
4H; ArCH2Ar), 4.91 and 2.97 (AB system, 2J=13.6 Hz, 4H; ArCH2Ar),
3.83–3.67 (m, 4H; OCH2), 1.84–1.64 (m, 4H; CH2CH3), 0.38 ppm (t, 3J=


7.3 Hz, 6H; CH2CH3);
13C{1H} NMR (75 MHz, C6D6): d=156.87–121.92


(arom COs), 77.03 (s, OCH2), 32.66 (s, ArCH2Ar), 31.43 (s, ArCH2Ar),
22.97 (s, CH2CH3), 9.57 ppm(s, CH2CH3);


31P{1H} NMR (121 MHz,
C6D6): d =134.4 ppm (s, OP ACHTUNGTRENNUNG(OAr)2); elemental analysis calcd (%) for
C74H58O8P2·1.5 toluene (1137.22+138.20): C 79.57, H 5.53; found: C
79.65, H 5.62. Crystals of cone-12 (colourless) suitable for X-ray diffrac-
tion were obtained by slow diffusion of petroleum ether into the reaction
mixture after filtration over aluminium oxide.


ACHTUNGTRENNUNG(S,S)-Acetylacetato-{5,11,17,23-tetra-tert-butyl-25,27-dibenzyloxy-26,28-
bis(1,1’-binaphthyl-2,2’-dioxyphosphanyloxy)calix[4]arene}rhodium(I)
(15): A solution of [Rh ACHTUNGTRENNUNG(acac)(CO)2] (0.088 g, 0.34 mmol) in CH2Cl2
(5 mL) was added to a solution of 8 (0.500 g, 0.34 mmol) in CH2Cl2
(250 mL). The resulting solution turned from green to yellow within a
few minutes. After 16 h, the solvent was evaporated to dryness. The
yellow solid which was washed with cold hexane (�78 8C) to afford 15
(0.427 g, (75%). IR (KBr): ñ=1518, 1578 cm�1 (acac); 1H NMR
(300 MHz, CDCl3): d=7.95 (d, 3J=6.5 Hz, 4H; CH arom), 7.72 (d, 3J=


8.1 Hz, 2H; CH arom), 7.63 (d, 3J=8.1 Hz, 2H; CH arom), 7.57–7.49 (m,
4H; CH arom), 7.39 (d, 3J=8.9 Hz, 2H; CH arom), 7.33–6.99 (m, 20H;
CH arom), 6.82 (d, 4J=2.2 Hz, 2H; m-ArH), 6.49 (d, 4J=2.1 Hz, 2H; m-


ArH), 6.29 (d, 4J=2.0 Hz, 2H; m-ArH), 6.23 (d, 4J=2.0 Hz, 2H; m-
ArH), 5.69 and 5.02 (AB syste, 2J=11.9 Hzm, 4H; CH2Ph), 5.22 and 3.00
(AB system, 2J=13.0 Hz, 4H; ArCH2Ar), 5.22 and 2.81 (AB system, 2J=


13.0 Hz, 4H; ArCH2Ar), 4.56 (s, 1H; CH-acac), 1.03 (s, 18H; C ACHTUNGTRENNUNG(CH3)3),
0.76 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 0.30 ppm (s, 6H; CH3-acaa);


13C{1H} NMR
(75 MHz, CDCl3): d=183.16 (s, CO-acac), 152.23–120.00 (arom COs),
97.99 (s, CH-acac), 77.79 (s, OCH2), 33.60 (s, ArCH2Ar), 33.59 (s, C-
ACHTUNGTRENNUNG(CH3)3), 33.57 (s, C ACHTUNGTRENNUNG(CH3)3), 33.51 (s, ArCH2Ar), 31.44 (s, C ACHTUNGTRENNUNG(CH3)3), 31.03
(s, CACHTUNGTRENNUNG(CH3)3), 25.06 ppm (s, CH3-acac);


31P{1H} NMR (121 MHz, CDCl3):
d=126.4 ppm (d, J ACHTUNGTRENNUNG(P,Rh)=326.7 Hz, OP ACHTUNGTRENNUNG(OAr)2); MS (ESI TOF): m/z :
1682.57 [M+Na]+, 1659.59 [M]+ , 1559.54 [M�C5H7O2]


+ expected isotop-
ic profiles; elemental analysis calcd (%) for C103H97O10P2Rh: C 74.54, H
5.89; found: C 74.61, H 5.88.


ACHTUNGTRENNUNG(S,S)-Acetylacetato-{5,11,17,23-tetra-tert-butyl-25,27-di-9-fluorenyloxy-
26,28-bis(1,1’-binaphthyl-2,2’-dioxyphosphanyloxy)calix[4]arene}rhodi-
ACHTUNGTRENNUNGum(I) (16): This complex was prepared according to the procedure de-
scribed above for 15, but starting from ligand 11. Yield: 70%; IR (KBr):
ñ=1517, 1579 cm�1 (acac); 1H NMR (300 MHz, CDCl3): d=9.47 (d 3J=


7.6 Hz„ 2H; CH arom), 7.82 (d, 3J=7.4 Hz, 2H; CH arom), 7.66 (d, 3J=


7.5 Hz, 4H; CH arom), 7.59–7.51 (m, 6H; CH arom), 7.44 (d, 3J=8.9 Hz,
2H; CH arom), 7.29–6.91 (m, 22H; CH arom), 6.53 (d, 4J=2.1 Hz, 2H;
m-ArH), 6.45 (d, 4J=2.1 Hz, 2H; m-ArH), 6.24 (d, 4J=2.2 Hz, 2H; m-
ArH), 6.21 (d, 3J=7.6 Hz, 2H; CH arom), 6.06 (s, 2H; OCH), 5.89 (d,
3J=8.8 Hz, 2H; CH arom), 5.86 and 3.75 (AB system, 2J=12.3 Hz, 4H;
ArCH2Ar), 4.97 and 2.46 (AB system, 2J=13.4 Hz, 4H; ArCH2Ar), 4.47
(s, 1H; CH-acac), 1.01 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 0.91 (s, 18H; C ACHTUNGTRENNUNG(CH3)3),
0.20 ppm (s, 6H; CH3-acac);


13C{1H} NMR (75 MHz, CDCl3): d=182.39
(s, CO-acac), 152.00–119.16 (arom COs), 97.35 (s, CH-acac), 84.68 (s,
OCH), 34.28 (s, ArCH2Ar), 33.83 (s, C ACHTUNGTRENNUNG(CH3)3), 33.64 (s, ArCH2Ar), 31.24
(s, CACHTUNGTRENNUNG(CH3)3), 31.20 (s, C ACHTUNGTRENNUNG(CH3)3), 24.65 ppm (s, CH3-acac);


31P{1H} NMR
(121 MHz, CDCl3): d=126.1 ppm (d, J ACHTUNGTRENNUNG(P,Rh)=326.7 Hz, OP ACHTUNGTRENNUNG(OAr)2); MS
(ESI TOF): m/z : 1806.59 [M]+ , 1707.55 [M�C5H7O2]


+ expected isotopic
profiles; elemental analysis calcd (%) for C115H101O10P2Rh: C 76.40, H
5.63; found: C 76.23, H 5.63.


Crystal structure of 12·toluene : Mr=1229.28, orthorhombic, P21, a=


11.857(2), b=15.103(2), c=34.846(4) W, V=6240.1(2) W3, Z=4, 1calcd=


1.308 mgm�3, m =1.32 cm�1, F ACHTUNGTRENNUNG(000)=1796, T=120(1) K. Data were col-
lected on a Oxford Diffraction Xcalibur Saphir 3 diffractometer (graphite
MoKa radiation, l=0.71073 W). The structure was solved with SIR-97,[47]


which revealed the non-hydrogen atoms of the molecule. After anisotrop-
ic refinement, many hydrogen atoms were found with a Fourier differ-
ence analysis. The whole structure was refined with SHELX-97[48] and
full-matrix least-square techniques (use of F2 ; x, y, z, bij for P, C and O
atoms, x, y, z in riding mode for H atoms); 820 variables and 5070 obser-
vations with I>2.0s(I); calcd w=1/[s2(F2


o)+ (0.039P)2] in which P=


(F2
o+2F2


c)/3. R1=0.070, wR2=0.0127, Sw=0.740, D1<0.56 eW�3, Flack
parameter=�0.02(2).
Crystal structure of 14·toluene : Mr=1697.93, monoclinic, space group
P21, a=11.9307(7), b=14.7771(7), c=26.7373(9) W, b=91.178(3)8, V=


4712.8(4) W3, Z=4, 1calcd=1.197 mgm�3, m=1.06 cm�1, F(000)=1796, T=


110(1) K. Data were collected on a Oxford Diffraction Xcalibur Saphir 3
diffractometer (graphite MoKa radiation, l=0.71073 W). The structure
was solved with SIR-97,[47] which revealed the non-hydrogen atoms of the
molecule. After anisotropic refinement, many hydrogen atoms were
found with a Fourier difference analysis. The whole structure was refined
with SHELX-97[48] and full-matrix least-square techniques (use of F2 ; x,
y, z, bij for P, C and O atoms, x, y, z in riding mode for H atoms); 1144
variables and 10357 observations with I>2.0s(I); calcd w=1/[s2(F2


o)+


(0.023P)2] in which P= (F2
o+2F2


c)/3. R1=0.041, wR2=0.063, Sw=0.731,
D1<0.25 eW�3, Flack parameter=0.00(6).


CCDC-622309 (12·toluene) and CCDC- 609569 (14·toluene) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.


General procedure for the hydroformylation experiments : The hydrofor-
mylation experiments were carried out in a glass-lined, 100 mL stainless
steel autoclave containing a magnetic stirring bar. In a typical run, the
autoclave was charged under nitrogen with of a solution of [Rh-
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ACHTUNGTRENNUNG(acac)(CO)2] (0.0005 g, 0.002 mmol) in toluene (1.0 mL), a solution of
ligand in toluene (10 mL) and toluene (4.5 mL). Once closed, the auto-
clave was flushed twice with syngas (CO/H2 1:1 v/v), pressurised with a
CO/H2 mixture and heated. After 16 h, the autoclave was depressurised,
olefin and, if necessary, internal standard (decane) were added to the re-
action mixture. The autoclave was then heated and pressurised. The
progress of the reaction was checked by monitoring the pressure de-
crease. During the experiments, several samples were taken and analysed
by GC or 1H NMR spectroscopy.
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A Closer Look: Magnetic Behavior of a Three-Dimensional Cyanometalate
Coordination Polymer Dominated by a Trace Amount of Nanoparticle
Impurity


Julie Lefebvre,[a] Simon Trudel,[a, b] Ross H. Hill,[a, b] and Daniel B. Leznoff*[a]


Introduction


In the last two decades, the field of coordination polymers
has attracted a great deal of attention due to the promise of
generating materials with specific physical properties based
on the chosen building blocks.[1,2] Porous materials have
been developed for gas storage applications,[3] while vapo-
chromic coordination polymers[4,5] are promising sensing
materials. Coordination polymers that exhibit nonlinear op-
tical properties (NLO),[6,7] birefringence,[8,9] lumines-


cence,[6,10] and combined multiple functions[11] have been im-
portant research targets within the coordination polymer
realm. The investigation of new and unusual magnetic prop-
erties especially stands out as a focus of study in this
area.[12,13] In particular, since the discovery of magnetic or-
dering in Prussian Blue, Fe4


III
ACHTUNGTRENNUNG[FeII(CN)6]3·14H2O, at 5.6 K,[14]


a substantial amount of research has targeted cyanometalate
coordination polymers.[12,15] Some Prussian Blue analogues
have been found to become magnetically ordered at temper-
atures as high as 372 and 376 K.[16] Other cyanometalate co-
ordination polymers have been found to exhibit photoin-
duced magnetic properties[17] or room temperature hysteret-
ic spin transition behavior.[18]


Although the majority of coordination polymers are usu-
ally synthesized at room temperature, the simple mixing of
precursor solutions often does not yield single crystals but
rather generates microcrystalline powders. As the physical
properties of a coordination polymer in the solid-state are
expected to be a consequence of its structure, being able to
determine the three-dimensional (3D) arrangement is a key
step in understanding the structure–property relationships.
Given this importance, the crystallization conditions are


Abstract: The structure and properties
of the K{Ni[Au(CN)2]3} coordination
polymer, prepared as a powder at
room temperature and recrystallized
hydrothermally, are reported. The
structure of K{Ni[Au(CN)2]3} contains
triply-interpenetrated Prussian Blue
type pseudo-cubic arrays assembled
from the alternation of octahedral NiII


centers and [Au(CN)2]
� bridging units.


SQUID magnetometry studies have
shown that K{Ni[Au(CN)2]3} displays
typical paramagnetic behavior for iso-
lated NiII centers down to 1.8 K. How-
ever, the magnetic behavior of the
samples prepared under hydrothermal


conditions suggests a superparamagnet-
ic signature superimposed onto a para-
magnetic background. After investigat-
ing the samples by transmission elec-
tron microscopy, it was determined
that, in addition to K{Ni[Au(CN)2]3},
the high-temperature (125, 135, and
165 8C) aqueous reaction of Ni-
ACHTUNGTRENNUNG(NO3)2·6H2O with KAu(CN)2 also led
to the formation of nanoparticles of


NiO and Au as minor side products,
and that these dominated the magnetic
behavior. Nanoparticles of various
sizes and shapes were observed, de-
pending on the reaction conditions.
Samples containing nanoparticles were
found to be superparamagnetic, exhib-
iting blocking temperatures of �17–
22 K, consistent with the behavior ex-
pected for NiO nanoparticles. These re-
sults illustrate the extreme care that
must be taken when examining the
physical properties of apparently ana-
lytically pure materials prepared by hy-
drothermal methods.


Keywords: coordination polymers ·
cyanometalates · hydrothermal
synthesis · magnetic properties ·
nanomaterials


[a] Dr. J. Lefebvre, Dr. S. Trudel, Prof. R. H. Hill, Prof. D. B. Leznoff
Department of Chemistry, Simon Fraser University
8888 University Drive
Burnaby BC, V5A1S6 (Canada)
Fax: (+1)778-782-3765
E-mail : dleznoff@sfu.ca


[b] Dr. S. Trudel, Prof. R. H. Hill
4D LABS, Simon Fraser University
8888 University Drive
Burnaby BC, V5A 1S6 (Canada)


Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200800259.


I 2008 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 7156 – 71677156







often modified to favour the formation of single crystals
suitable for structure determination.[19] For example, differ-
ent crystal growth techniques, such as slow evaporation of
solvents, slow diffusion of reagents through H-shaped tubes
and gels,[20] electrocrystallization,[21] and hydrothermal or
solvothermal reactions,[22] are often used to obtain crystals
suitable for X-ray crystallography. When using these modi-
fied synthesis conditions, care must be taken as different
products or polymorphs may also be formed.[2,23]


The term solvothermal applies to solution reactions car-
ried out at temperatures beyond the normal boiling point of
the solvent, while remaining in the liquid phase. Such condi-
tions can be achieved in a sealed and rigid vessel. When
water is used as the solvent, the term “hydrothermal” is ap-
plied. Hydrothermal reactions are usually carried out be-
tween 100 and 250 8C.[24] Hydro- and solvothermal reactions
are widely used to prepare different types of materials,[25] in-
cluding zeolites,[26] inorganic solids,[27] hybrid organic–inor-
ganic materials,[28] molecular clusters,[24] and metal oxide
nanostructures.[29] Such reaction conditions allow one to:
1) recrystallize materials that are not soluble under ambient
conditions; 2) increase the reactivity of inert building
blocks; 3) encourage the formation of thermodynamic or
other metastable products; and 4) generate unique solid ma-
terials by the in situ hydrothermal synthesis of unusual li-
gands in the presence of metals.[30] However, despite these
advantages, the conditions of hydrothermal reactions can
induce decomposition of some building blocks and allow
side reactions to occur.


As part of our studies on d10-cyanometalate poly-
mers,[4,9, 31,32] while investigating the physical properties of
the new Prussian Blue analogue K{Ni[Au(CN)2]3}, prepared
at room temperature as a powder or crystallized hydrother-
mally at temperatures ranging from 125 to 165 8C, we dis-
covered some discrepancies in its magnetic behavior. Upon
examination by electron microscopy, small amounts of nano-
particle impurities were found in the samples that had been
prepared hydrothermally. Along with the properties of
K{Ni[Au(CN)2]3}, we report herein the chemical and mag-
netic properties of the nanoparticle impurities, as deter-
mined through transmission electron microscopy and
SQUID magnetometry studies, and the impact these have
on the magnetic properties observed for the bulk samples.
This cautionary narrative serves to illustrate the important
lesson that great care must be taken when studying hydro-
thermally prepared samples to ensure that the observed
physical properties are indeed attributable to the product of
interest.


Results


Synthesis : The room temperature reaction of Ni-
ACHTUNGTRENNUNG(NO3)2·6H2O with four equivalents of KAu(CN)2 in water
afforded an immediate green precipitate, which converted
into a blue precipitate after several days of being stirred in
the mother liquor. The FTIR spectrum, powder X-ray dif-


fractogram, and elemental analysis of the initial green
powder obtained in this reaction were indistinguishable
from those of the previously reported Ni ACHTUNGTRENNUNG(m-
OH2)2[Au(CN)2]2 coordination polymer.[32]


The FTIR spectrum of the blue powder showed only one
band attributable to a cyanide vibration (2170 cm�1). No hy-
drogen was detected by elemental analysis and the chemical
composition was found to be consistent with
K{Ni[Au(CN)2]3}. This sample (blue powder) prepared at
room temperature is referred to herein as sample RT.


FTIR spectroscopy is an invaluable tool for studying cya-
nometalate coordination polymers, as the frequency corre-
sponding to the vibration of a cyanide group is very sensi-
tive to the environment of this group.[33] The presence of
only one cyanide vibration mode observed at 2170 cm�1 sug-
gests that all of the cyanide groups are in an identical envi-
ronment, most likely coordinated to the NiII centers through
the nitrogen atom.


Crystals suitable for single-crystal X-ray diffraction analy-
sis could not be obtained from the blue powder by slow-dif-
fusion methods at room temperature. In order to obtain
larger single crystals, the reaction of Ni ACHTUNGTRENNUNG(NO3)2·6H2O with
KAu(CN)2 was carried out under hydrothermal conditions
(125 8C) with a slow cooling rate. This afforded a mixture of
a pale-blue powder and dark-blue hexagonal-shaped crys-
tals. This sample prepared at 125 8C is referred to herein as
H-125.


The FTIR spectrum of H-125 showed the same peak in
the cyanide vibration region as the FTIR spectrum of the
blue RT product. The elemental analysis results were also
consistent with the product H-125 being K{Ni[Au(CN)2]3}.
In addition, the powder X-ray diffractograms of RT and H-
125 were found to be superimposable. Thus, the two synthet-
ic routes afforded the same K{Ni[Au(CN)2]3} product, with
the same three-dimensional arrangement of building blocks.


Structure : From the X-ray diffraction data of a dark-blue
hexagonal crystal obtained from the H-125 sample, the
structure of K{Ni[Au(CN)2]3} was determined. The same
structural motif, in which octahedral NiII centers are bridged
in all three directions by [Au(CN)2]


� units to form a cubic-
type Prussian Blue-like array (Figure S1, Table S1), has pre-
viously been observed in other coordination polymers of
similar composition, namely K{Co[Au(CN)2]3},


[34]


K{Fe[Au(CN)2]3},
[35] and K{Mn[Ag(CN)2]3}.


[36] The powder
X-ray diffractogram predicted for this structure is superim-
posable on those obtained experimentally from the bulk
samples RT and H-125.


Magnetic behavior of K{Ni[Au(CN)2]3}: The magnetization
of the K{Ni[Au(CN)2]3} sample RTwas measured upon cool-
ing from 300 K to 1.8 K in a 1 kOe applied DC field. The ef-
fective magnetic moment was determined to be 3.1 mB at
300 K, and remained almost constant down to 10 K
(Figure 1). Below this temperature, a slight decrease to
2.86 mB at 1.8 K was observed.
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This behavior is consistent with mostly isolated NiII cen-
ters. The data can be fitted to an equation for the zero-field
splitting of isolated S=1 centers[37] with a D value of
2.32(3) cm�1 and a g value of 2.22(1) (Figure 1, Figure S2,
and Equations S1–S4). These values are comparable to
those obtained for isolated NiII systems,[37] and also to those
for the related 3D systems nBu4N{Ni[Au(CN)2]3} and
PPN{Ni[Au(CN)2]3} (PPN=bis(triphenylphosphoranylide-
ne)ammonium), which display small D values and minimal
coupling.[38] This indicates that, despite the 3D nature of
K{Ni[Au(CN)2]3} (RT), no spontaneous magnetic ordering
occurs and, at best, only weak interactions between the NiII


centers are present.
The temperature dependence of the magnetization of


K{Ni[Au(CN)2]3} (RT), measured upon warming (in a 10 Oe
field) after being cooled in the absence (zero-field cooled
(ZFC), Figure 2) or the presence (field cooled, FC) of an


applied magnetic field, shows a continuous decrease, irre-
spective of the cooling conditions. The two curves (ZFC and
FC) are superimposable. This behavior is also consistent
with Curie–Weiss paramagnetism.


The same experiments were performed on the H-125
K{Ni[Au(CN)2]3} sample. The effective magnetic moment
was found to be essentially constant between 300 K and
60 K (3.08–3.14 mB). In this case, however, an increase to a
maximum value of 3.50 mB at 20 K was observed, followed
by a decrease to 2.90 mB at 2.0 K (Figure 1). In the ZFC
measurements performed on the H-125 sample (Figure 2),
as the temperature was increased from 1.8 K to 10 K, a de-
crease in the magnetization, similar to that observed for the
RT sample, was observed. In contrast, however, above 10 K,
the magnetization increased and a maximum was reached at
a temperature of 20 K, referred to as TB (see below for
more explanation). Upon further warming, the magnetiza-
tion decreased and, above 30 K, followed that of the ZFC
and FC measurements for the RT sample. When ZFC meas-
urements were performed under different external fields,
the position and shape of the maximum varied from a sharp
peak at 20.5 K when measured in a field of 1 Oe to a broad-
er peak at 14 K in a field of 300 Oe (inset in Figure 2; Fig-
ure S3). The corresponding FC measurements showed an in-
itial decrease in the magnetization, albeit a slower decrease,
and then the data rejoined the ZFC curve at the tempera-
ture at which a maximum was observed in the ZFC curve
for the H-125 sample (Figure 2). On increasing the tempera-
ture further, the FC curve was seen to track the ZFC curve.
As will be discussed below, this behavior is suggestive of a
superparamagnetic signature superimposed onto a paramag-
netic background.


Clearly, despite the spectroscopic, analytical, and diffrac-
tion data seemingly indicating that the two samples are pure
and identical, the low-temperature magnetic behaviors are
different, with the H-125 system showing indications of
some form of magnetic ordering or blocking (see below).[39]


This magnetic behavior was consistently observed for every
sample prepared under these conditions.


Transmission electron microscopy (TEM) of the
K{Ni[Au(CN)2]3} samples : Sample H-125 was investigated
by TEM. The most obvious features observed were hexago-
nal crystals tens to hundreds of microns in size. Upon higher
magnification and careful inspection, ensembles of particles
with dimensions in the range of approximately 2–10 nm (see
histogram, Figure S5) were observed (Figure 3A). The
shapes of the nanocrystals ranged from spherical to oblate,
with some having more convoluted morphologies.


The selected-area electron diffraction (SAED) pattern of
these nanoparticles was recorded and is shown in the inset
in Figure 3A. Rings can clearly be observed in the diffracto-
gram, suggesting that the inspected area contains a random-
ly oriented, crystalline material. The observed electron dif-
fraction pattern does not match the pattern that would be
expected from the trigonal structure of K{Ni[Au(CN)2]3} as
determined by single-crystal X-ray diffraction analysis. The


Figure 1. Temperature dependence of the effective magnetic moment for
the K{Ni[Au(CN)2]3} samples RT (*) and H-125 (*). The solid line rep-
resents the best fit for sample RT to the zero-field splitting equation
[Equations (S1)–(S4)].


Figure 2. ZFC measurements for the K{Ni[Au(CN)2]3} sample RT (~),
and FC (*) and ZFC (*) measurements for sample H-125 under an ex-
ternal field of 10 Oe. Inset: Field dependence of TB for sample H-125.
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electron diffraction pattern readily indexes to a face-centred
cubic (fcc) structure; the rings were assigned hkl values cor-
responding to reflections due to the (111), (200), (220),
(311), (222), and (331) fcc planes.


A representative image of the particles observed in the
H-125 sample under high magnification is presented in Fig-
ure 3B. Under phase contrast conditions, lattice fringes can
clearly be observed.


When the RT sample was investigated by TEM, hexago-
nal-shaped, micron-sized particles could be observed, as in
the case of the H-125 sample. However, despite extensive
investigation, no nanoparticles could be found in the RT
sample. Electron diffraction analysis of the large hexagonal
crystals showed that they were single crystals, rather than
agglomerates of nanocrystals. No SAED diffractogram aris-
ing from a collection of fcc-structured crystals was observed
from any area of the RT sample.


Elemental analysis of each sample was carried out by
means of energy-dispersive X-ray spectroscopy (EDXS).
Figure 4A shows a high-angle annular dark-field STEM


image of a representative area. Figure 4B shows the EDXS
spectra of the selected areas indicated in Figure 4A. Ele-
mental analysis of the larger hexagonal crystals showed the
presence of all of the constituent elements of the
K{Ni[Au(CN)2]3} coordination polymer, including clear sig-
nals for nitrogen and potassium (Figure 4B, spectrum ii).
This is consistent with the probed region being
K{Ni[Au(CN)2]3}. Signals for copper, beryllium, and silicon
are artefacts, and are attributed to the TEM grid, its holder,
and the EDXS detector, respectively. These signals were
also observed in all subsequent EDXS spectra presented.


The EDXS spectrum of a region consisting of the nano-
particulate crystals was rich in gold, nickel, and oxygen, but
no significant amount of nitrogen was observed, and no X-
ray line due to potassium was present (Figure 4B, spectru-
m i). This strongly suggests that the composition of the
nanoparticles differs from that of the larger, coordination
polymer crystals. In all areas, a strong signal due to the pres-
ence of carbon could be observed. It is, however, impossible
to differentiate between carbon from the sample and that
from the supporting grid. The oxygen line may also have
been due to the supporting grid (Figure 4B, spectrum iii).
However, the intensity of the oxygen line (with respect to
carbon) in spectrum i is much higher (by a factor of �2.5)


Figure 3. A) Bright-field transmission electron microscopy image of
nanoparticles present in the H-125 sample of K{Ni[Au(CN)2]3}. Scale
bar=50 nm. The inset shows the selected-area electron diffraction pat-
tern of the area shown in the micrograph. The rings are indexed to hkl
values for an fcc structure. B) High-resolution transmission electron mi-
croscopy image. Scale bar=5 nm. The inset shows the fast Fourier trans-
form of sections of the micrograph.


Figure 4. A) High-angle annular dark-field scanning transmission electron
microscopy image of the H-125 sample. Scale bar=500 nm. B) Energy-
dispersive X-ray spectra (EDXS) for the areas highlighted in A, showing
a region containing: nanoparticles (spectrum i), K{Ni[Au(CN)2]3} crystals
(spectrum ii), and the carbon-coated copper grid (spectrum iii).
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than the oxygen:carbon line intensities in spectrum iii. Even
though this is not definitive, it suggests that a significant por-
tion of the oxygen signal in spectrum i arises from the
sample. Hence, the elemental analysis of the H-125 sample
by EDXS suggests that the nanoparticles are composed of
gold, nickel, and oxygen, or mixtures of these elements.


To further investigate the nanoparticle side product pres-
ent in the H-125 samples, the reaction conditions were
modified. The temperature and the time for which the mix-
ture was kept at above 125 8C were increased in an attempt
to increase the yield of nanoparticles, as described below.


Sample prepared at 165 8C (H-165): A hydrothermal reac-
tion using the same quantities of reagents was also carried
out at 165 8C. A large amount of red-brown powder was ob-
tained along with the dark-blue crystals. The bulk product is
referred to herein as H-165.


ZFC and FC magnetization experiments were performed
on sample H-165. Magnetic behavior qualitatively similar to
that of H-125 was observed (Figure 5). However, the maxi-


mum in magnetization attained a larger value as the maxi-
mum temperature of the reaction was increased, going from
0.245Q10�2 emug�1 for H-125 to 8.61Q10�2 emug�1 for H-
165. Sample H-165 exhibited a primary maximum in mag-
netization at 22.75 K (compared to 20 K for sample H-125)
and, in addition, a shoulder or a second, lesser maximum at
approximately 17 K was also observed. The increase in mag-
netization below 5 K could be a paramagnetic tail, attributa-
ble to the K{Ni[Au(CN)2]3} coordination polymer present in
the samples. Magnetization versus field loops were mea-
sured at temperatures of 300, 100, 50, and 2 K (Figure S6).
Above 50 K, the magnetization loops are anhysteretic and
typical of paramagnetic behavior. At 2 K, the loop does not
retrace itself upon field reversal. The width of the hysteretic
loop is �25 Oe.


When investigated by STEM, sample H-165 showed dif-
ferent features to those observed for the H-125 sample.
Images of the red-brown powder from the H-165 sample


showed much larger particles (200–300 nm), along with fila-
ment-like particles (Figure 6A). The presence of a few
smaller particles (of a few nanometres in diameter) was also
detected in the filament-rich regions. These were, however,
agglomerated with the filaments, and thus they could not be
successfully imaged independently of the filaments.


The electron diffraction pattern was collected in regions
consisting of the filaments (Figure 6B). The pattern consist-
ed of diffuse rings, which is consistent with a poorly crystal-
lized structure. It is also worth noting that under the influ-
ence of the electron beam radiation, the probed regions
showed a tendency to amorphize. The pattern appears to be
consistent with an fcc structure, but due to the low intensity
and the broadness of the rings, not all of the expected reflec-
tions were clearly visible.


Figure 7 shows the results obtained from EDXS measure-
ments on two separate regions of H-165. It can clearly be
determined that the 200–300 nm particles contained primari-
ly gold (Figure 7B, spectrum ii), while the filament-like and
small sphere-like particles were composed of nickel and
oxygen (Figure 7B, spectrum i).


The powder X-ray diffractogram of the red-brown powder
from the H-165 sample differs from that predicted for pure
K{Ni[Au(CN)2]3} (Figure 8). The peaks corresponding to
K{Ni[Au(CN)2]3} are present, but they only account for a
very small fraction of the sample. The principal pattern
could be assigned either to NiO or Au, or a mixture of the
two, as both are fcc systems with very similar lattice parame-
ters (there is a difference of only 0.1 R in lattice parameter
a between Au (4.071 R)[40] and NiO (4.178 R)[41]).


Sample prepared at 135 8C (H-135): To further investigate
the system, a reaction was also carried out at 135 8C for


Figure 5. Comparison of the ZFC magnetic behaviors of samples RT (!),
H-125 (*), H-135 (&), and H-165 (~). Lines are guides for the eyes.


Figure 6. A) High-angle annular dark-field scanning transmission electron
microscopy image showing the 200–300 nm particles and the filament-
like particles present in the red-brown powder from sample H-165. Scale
bar=500 nm. B) Selected-area electron diffraction of an area containing
only filament-like particles. The rings are indexed to hkl values for an fcc
structure.
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65 h, using the same quantities of reagents. The bulk product
was visually similar to H-125, but a small amount of red-
brown powder could be observed mixed with the pale-blue
powder and dark-blue crystals. This bulk product is referred
to herein as H-135.


The same ZFC and FC magnetization experiments were
also performed on sample H-135 (Figure 5). These showed
that sample H-135 displayed magnetic behavior similar to
that of H-165, with a maximum (at 22.5 K) and a subsidiary
peak at lower temperature. The magnetization Mg at the pri-
mary peak in the ZFC measurement had a magnitude inter-
mediate between those of the H-125 and H-165 samples.


Similarly to sample H-125, sample H-135 was seen to be
composed of a mixture of large crystal blocks and spherical
nanosized particles with diameters ranging from 5 to 10 nm
when investigated by TEM. The large crystals were seen to
be single-crystalline by SAED, and EDXS showed that they
contained carbon, nitrogen, potassium, nickel, and gold, in-
dicative of the formula K{Ni[Au(CN)2]3}, as in the case of
H-125.


Various regions of H-135, containing nanosized particles,
were examined by EDXS. No potassium was observed in
the regions containing nanoparticles. In most areas, strong
signals for nickel and oxygen were seen in the EDXS spec-
tra. Varying amounts of gold could also be observed in these
regions. In some other areas, gold was the major component
seen in the spectrum. The EDXS data for these different re-
gions are shown in Figure S7. These results are consistent
with the presence of various amounts of two types of nano-
particles, namely NiO and, presumably, metallic Au.


Despite the chemical difference observed by EDXS, the
regions are visually very similar when observed by TEM.
One difference is that in some of the nickel/oxygen-rich re-
gions, filament-like structures similar to those observed in
sample H-165 could also be imaged, in addition to spherical
particles.


Discussion


What is the chemical identity of the nanoparticles? This
question can be partially addressed by examining the
(S)TEM images and the EDXS and SAED data. This en-
semble of data (compare, for example, the (S)TEM images
of H-125, H-135, and H-165 in Figure 4, Figure S5, and
Figure 7) makes it clear that different nanoparticulate prod-
ucts are generated under each of the three hydrothermal
temperature regimes used. However, all of the SAED data
for the nanoparticle samples can be indexed to essentially
the same simple fcc structure, which at first glance appears
to suggest that the chemical composition does not change.
All of the EDXS spectra in the nanoparticle regions of H-
125, H-135, and H-165 lack potassium signals and do not
show a proportionate nitrogen signal for K{Ni[Au(CN)2]3}.
Consequently, none of the examined nanoparticle products
are nanocrystals of the primary K{Ni[Au(CN)2]3} coordina-
tion polymer.


The results obtained for the H-165 sample clearly showed
that two types of very different nanosized products were
present (Figure 6): large Au particles (200–300 nm) and
much smaller NiO filament-like particles, the compositions
of which could clearly be identified by EDXS (Figure 7).
The powder X-ray diffractogram of the bulk H-165 sample
confirms the presence of at least one of these candidates
(Figure 8). Unfortunately, under our experimental condi-
tions, X-ray diffraction methods could not discriminate be-
tween NiO and Au based on peak positions alone. Never-
theless, the relative intensities of the peaks observed be-
tween 1.0 and 2.5 R suggest the presence of a large quantity


Figure 7. A) High-angle annular dark-field scanning transmission electron
microscopy image of the H-165 sample. Scale bar=100 nm. B) Energy-
dispersive X-ray spectra (EDXS) for areas highlighted in A: filament-
like NiO particles (spectrum i) and Au particles (spectrum ii).


Figure 8. Comparison of the measured X-ray diffractogram of H-165 (A)
with the diffractograms predicted for K{Ni[Au(CN)2]3} (B), Au (C), and
NiO (D).
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of Au in the H-165 sample. The presence of NiO as a minor
component cannot, however, be ruled out. It must also be
stressed that the NiO filaments were rather poorly crystal-
lized, as observed by SAED, and would thus contribute less
to the powder X-ray diffractogram of the H-165 sample.


Focusing on the nanoparticles in the H-125 sample, a
strong signal for gold, as well as weaker signals for nickel
and oxygen, were observed in the EDXS spectrum in all
nanoparticulate regions. In light of the chemical identity of
the particles observed in H-165, it is suggested that a mix-
ture of Au and NiO nanoparticles is formed in the reaction
at 125 8C. The structures of both NiO and Au are fcc,[40, 41] as
was the structure of the nanoparticles observed by SAED.
Note that at this temperature, in contrast to the product ob-
tained at 165 8C, the Au and NiO particles formed could not
readily be distinguished on the basis of shape or size. The
rather wide size distribution (2–10 nm) may have resulted
from the presence of chemically different particles. Different
chemical species may be expected to show different growth
kinetics at a given temperature.


The EDXS data could also be interpreted as suggesting
that AuxNi1�x alloy nanoparticles were formed, as opposed
to the chemically segregated Au and NiO units described
above. AuxNi1�x alloys have previously been reported in the
literature, and their structures were also determined to be
fcc by X-ray diffraction analyses of both bulk[42] and nano-
particle samples.[43]


The presence of pure Ni nanoparticles amongst the prod-
ucts of any of these high-temperature reactions is unlikely,
since the reactions were carried out in water and the sam-
ples were handled in the ambient atmosphere. Indeed, it has
been reported that metallic Ni nanoparticles readily oxidize
in air to form Ni/NiO core–shell nanoparticles.[44] No core–
shell structures were observed in any of our TEM investiga-
tions. Thus, the presence of Ni nanoparticles may be exclud-
ed.


In contrast to the H-125 sample, the inhomogeneous
chemical composition of the H-135 nanoparticles, as deter-
mined by EDXS, is a clear indication that at least two nano-
particulate products, most probably Au and NiO, were
formed under these conditions. As in the case of sample H-
125, despite having different chemical compositions, the two
types of particles could not be distinguished on the basis of
shape or average diameter. In addition to the spherical par-
ticles, a few filament-like particles were present in some of
the NiO-rich regions, a feature that was not observed in H-
125, but was present to a large extent in H-165.


Thus, in summary, the nanoparticles produced at each of
the selected temperatures (125, 135, and 165 8C) are likely
to be mixtures of Au and NiO. Changes in the reaction con-
ditions are known to affect the growth of nanoparticles,
yielding different particle sizes, size distributions, and mor-
phologies.[45] This could readily explain the differences ob-
served between these hydrothermal samples. At lower tem-
peratures, small, approximately spherical particles are pro-
duced. Reactions at higher temperatures (accompanied by
longer reaction times) result in the growth of these particles.


It is apparent that the Au and NiO particles grow in differ-
ent ways. In the case of the Au nanoparticles, an Ostwald-
ripening-type process results in the growth of larger particles
from the dissolution of smaller particles.[46] For NiO, the
aspect ratio of the particles is more affected than their diam-
eters, yielding filament-like particles that become ever more
prevalent as the reaction temperature and time are in-
creased. The concentration of the metal ions that ultimately
form the nanoparticles is also likely to be function of the re-
action temperature, and is likely to affect the size and mor-
phology of the nanoparticles.


Nanoparticle formation route : The formation of Au nano-
particles requires the reduction of AuI ions. As no reducing
agent was added to the reaction, cyanide groups most likely
acted as internal reductants. Cyanide-containing coordina-
tion complexes and polymers are known to release cyano-
gen, (CN)2, at elevated temperatures by oxidation of the cy-
anide groups and reduction of the metal centers.[47] In partic-
ular, cyanogels, which are amorphous Prussian Blue ana-
logues, have been investigated for their applications as
single-source precursors of binary and ternary transition
metal alloys and intermetallics.[48] Superparamagnetic nano-
particle alloys of NiFe[49] and PdCo[50] have also been synthe-
sized by the high-temperature auto-reduction of preformed
cyanide-containing nanoparticles under an argon atmos-
phere.


Several methods for preparing NiO nanoparticles have
been reported, including the thermal treatment of Ni(OH)2


gels.[51] Under our experimental conditions, it is also possible
that Ni(OH)2 is formed as an intermediate en route to the
synthesis of the observed NiO nanoparticles.


A recent report has shown that the thermal decomposi-
tion of nanoscale Co3[Co(CN)6]2 yields Co3O4 nanoparti-
cles.[52] In view of this, it may also be possible that nanopar-
ticles of the K{Ni[Au(CN)2]3} coordination polymer are
formed, which decompose to yield NiO and Au nanoparti-
cles.[53]


It is clear that the formation of nanoparticles is enhanced
at higher reaction temperatures. This was evident from the
successively larger contributions of the superparamagnetic
impurity to the ZFC measurements (Figure 5).


Magnetic properties : The magnetic behavior observed for
the RT sample of K{Ni[Au(CN)2]3} is typical of a paramag-
netic system that does not order spontaneously over the
temperature range studied here (Figures 2 and 3).


The magnetic properties of the samples prepared under
hydrothermal conditions show remarkable differences to the
simple, paramagnetic-like behavior of the sample RT. The
maxima observed in the ZFC measurements for the H-125,
H-135, and H-165 samples are suggestive of a superpara-
magnetic signature superimposed onto a paramagnetic back-
ground, as detailed below.


Superparamagnetic impurities : Superparamagnetism is a
finite scale effect, and is encountered in small magnetic par-
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ticles (�20 nm diameter or less, depending on the materi-
al),[54,55] below their ordering temperature. A nanoparticle is
sufficiently small that its energy is minimized when it consti-
tutes a single magnetic domain.[56] The energy barrier KV,
where K is the uniaxial anisotropy constant and V is the
volume of the nanoparticle, prevents relaxation of the mag-
netic moment. The energy barrier is considerably reduced
(compared to bulk materials) in a low-volume nanoparti-
cle.[57] When the thermal energy is higher than the anisotro-
py energy barrier KV, the magnetization vector will freely
fluctuate, whereas if the thermal energy is smaller, the mag-
netization vector will not be able to flip orientation, and
hence will be in the blocked state. This occurs below a par-
ticular temperature called the blocking temperature TB.


In a sample cooled in the absence of an applied magnetic
field (ZFC), the magnetization vector of a nanoparticle will
align itself with its easy axis, and the overall magnetization
of the sample will be close to zero due to the random orien-
tation of easy axes. Upon warming in an applied magnetic
field, the overall magnetization will increase, as the individ-
ual magnetization vectors will align with the poling field.
Upon passing through the blocking temperature TB, the
thermal energy overcomes the poling effect of the magnetic
field, and randomizes the orientation of the magnetization
vectors of the nanoparticles.


In an FC measurement, the magnetization vectors are ori-
ented by the applied field upon cooling. Consequently, the
measured magnetization at low temperature is high. As the
temperature is increased, thermal energy randomizes the
orientations of the magnetization vectors, and a decrease in
magnetization is observed. Above the blocking temperature,
the response is paramagnetic for both the FC and ZFC
measurements.


With this in mind, an examination of the ZFC and FC
magnetization measurements shown in Figure 2 (H-125) in-
dicates that they contain two components: a continuously
decreasing, Curie-type paramagnetic component, and a su-
perparamagnetic component passing through its blocking
temperature. The Curie-type contribution arises from the
major product, K{Ni[Au(CN)2]3}, as is evidenced by the
Curie-type magnetic behavior of the nanoparticle-free
sample prepared at room temperature (Figure 2). As shown
in Figure 9, the blocking temperature TB determined for
sample H-125 under various applied fields H has an H2/3 de-


pendence. This behavior, which is similar to the de Almei-
da–Thouless law predicting the field dependence of the
freezing temperature for spin-glasses,[58] has also been re-
ported for superparamagnetic nanoparticles and is associat-
ed with the spin-glass state observed at the surface of nano-
particles.[59] Such spin-glass behavior has been observed in
nanosized NiO particles.[60] This field dependency confirms
that the second magnetic component is due to superpara-
magnetism arising from the presence of NiO nanoparticles.


No nanoparticles could be found by TEM in the sample
synthesized at room temperature, while for each hydrother-
mally prepared sample examined by TEM, collections of
nanoscopic particles (ranging from 5 to 200 nm, depending
on the sample) could readily be observed in all regions of
the supporting grid (Figures 4 and 7; Figures S5 and S7).
Thus, the superparamagnetic component, which is only ob-
served in the samples prepared under hydrothermal condi-
tions, is almost certainly due to the presence of the nanopar-
ticles observed by TEM.


Furthermore, the shape, position, and magnitude of the
maxima in the ZFC curves, which strongly depend on the
temperature at which the hydrothermal reaction is carried
out (Figure 5), are consistent with the formation of different
products at different temperatures (as seen by TEM).


Nanoparticles obtained in the samples prepared under hy-
drothermal conditions, whether they consist of NiO fila-
ments or particles, could be responsible for the observed su-
perparamagnetic behavior. While bulk NiO is known to be
an antiferromagnet (TN =525 K), NiO nanoparticles with
average diameters of 3 and 7 nm have been found to be su-
perparamagnetic, with blocking temperatures of 10 and
15 K, respectively, as determined from ZFC measurements
at 100 Oe.[61] It is also worth noting that above a given
nickel composition (�50 atom% Ni), bulk AuxNi1�x alloys
are ferromagnetic[62] and, more importantly, Au0.45Ni0.55


nanoparticles with an average size of 12.0 nm behave as a
superparamagnetic material, with a blocking temperature of
8 K under an applied field of 500 Oe;[43] different sizes and
Au:Ni ratios would certainly yield slightly different TB


values.
Recent reports have shown that nanosized gold particles


display superparamagnetism[63,64] and even room tempera-
ture ferromagnetism.[65] However, this only occurs under
very specific circumstances;[64,65] it is very unlikely that the
observed magnetic behavior in any of our samples was due
to superparamagnetic gold nanoparticles.


The presence of two peaks in the ZFC measurements for
H-135 and H-165 (Figure 5) may be due to three different
factors: size distribution, shape, and chemical identity.[54]


These three effects can yield different anisotropy energy
barriers, which would lead to different blocking tempera-
tures. Thus, either the H-135 and H-165 samples contain two
distinct superparamagnetic chemical species, or there is only
one superparamagnetic species with a bimodal size distribu-
tion or different aspect ratios. In a uniaxial structure, such
as a filament, an additional shape anisotropy term may also
contribute to the anisotropy energy barrier.[66]


Figure 9. Field dependence of the blocking temperature TB, determined
from ZFC measurements, for sample H-125.
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We currently have no specific control over the size, shape,
or composition of the nanoparticles in these synthetic proce-
dures. Consequently, all of the above are equally likely ex-
planations, in theory. However, given the data described
above, the two superparamagnetic species can most likely
be attributed to the two differently shaped forms of NiO ob-
served (spherical vs filament-like), which only appeared in
H-135 and H-165. In H-125, in which only NiO spherical
particles were observed, only one peak was observed in the
ZFC curve.


The anisotropic shape of the filament-like particles may
be responsible for the increase in blocking temperature,
from 20 K for the spherical particles in sample H-125 to
22.75 K for the filament-like particles in sample H-165.


The field-dependent magnetization measurements for
sample H-165 at temperatures above TB (300, 100, and
50 K) show anhysteretic behavior. This is to be expected for
a sample consisting of paramagnetic and superparamagnetic
species, in which the energy barrier to magnetization rever-
sal is overcome. At 2 K (well below TB), the loop is hysteret-
ic and has a coercive field, consistent with the nanoparticles
being in the blocked state. The same general features were
observed for samples H-135 and H-125 : for T>TB, the
loops have an overall paramagnetic character, and hysteresis
is observed for T<TB. This is consistent with our interpreta-
tion that the ZFC/FC measurements indicate the presence
of superparamagnetic species.


Shortcomings of conventional analytical methods : Clearly,
the presence of even a trace amount of superparamagnetic
nanoparticles can have a huge impact on the measured mag-
netic properties. In H-125, for example, a convolution of the
properties of the target K{Ni[Au(CN)2]3} coordination poly-
mer and the superparamagnetic nanoparticles is observed. It
must be stressed that standard characterization techniques
(such as FTIR spectroscopy and elemental analysis), as well
as the commonly accepted checks to ensure sample purity
and identity (such as the comparison of predicted and ob-
tained X-ray diffractograms) failed to uncover the presence
of the nanoparticle impurity in H-125.


For example, samples of K{Ni[Au(CN)2]3} containing up
to 4.2% (by weight) of a 1:1 mixture of NiO and Au nano-
particles would still show elemental analysis results consis-
tent with a pure sample within standard accepted tolerances.
Although powder X-ray diffraction can be used as an ana-
lytical tool to quantify the composition of mixtures, the typi-
cal limit of detection for this method is about 5%, for well
crystallized samples with well resolved peaks. For a nano-
crystalline sample, Scherrer broadening of the linewidths
tends to decrease the intensity of the reflection peaks.[67] In
the case of H-125, in which a low concentration (below 5%)
is combined with broadening, the intensity of the signal is
expected to be very weak, and the presence of the nanopar-
ticles was not detected by X-ray diffraction experiments.
Also, if the impurity is poorly crystallized (as was the case
for the NiO filaments formed at 165 8C), it will be harder to
detect. The detection may be further complicated by the


substantial peak overlap with the powder diffractogram of
K{Ni[Au(CN)2]3} in this case. Such small amounts of NiO
and Au would also be very difficult to observe in the FTIR
spectra in the 400 to 4000 cm�1 range. These analytical
methods are therefore inappropriate for detecting low im-
purity levels of nanocrystalline materials.


However, such small amounts of magnetic nanoparticle
impurities are more than sufficient to dominate the overall
observed magnetic response. In the case of K{Ni[Au(CN)2]3}
presented here, comparison of the magnetic properties from
samples prepared at room temperature and by hydrothermal
methods suggested that a (much) closer look at the samples
was imperative. However, in other cases in which the prod-
ucts obtained by hydrothermal methods are unique and
hence inaccessible by more conventional synthetic routes
(such as an analogous room temperature preparation), a
comparison with “pure” samples may be difficult, if possible
at all. In these cases, the danger of erroneously attributing
the observed magnetic (or indeed any other) properties to
the “pure” bulk material cannot be underestimated.


Conclusion


At room temperature, the triply-interpenetrated Prussian
Blue analogue K{Ni[Au(CN)2]3} can be prepared in pure
form and it shows a simple Curie–Weiss-type paramagnetic
behavior. Hydrothermal synthesis yielded large single crys-
tals of K{Ni[Au(CN)2]3} but also a smattering of nanoparti-
cle impurities, which dominated the observed magnetic
properties, even though conventional analytical methods
were inadequate in highlighting their presence.


It should be clear that great care must be taken in the
characterization of samples prepared under hydrothermal
conditions. While it is obviously a highly valuable synthetic
tool, especially for obtaining good quality single crystals for
structural determination and by offering an alternative syn-
thetic route for synthesizing unique materials, one must be
aware that trace amounts of nanoparticulate impurities may
also be generated as a result of the thermal treatment.


Observing coordination polymer samples by electron mi-
croscopy is not a common practice in the field, but in this
case it was invaluable to determine the full nature of the
material, thereby avoiding attribution of the magnetic prop-
erties of the sample as intrinsic properties of the
K{Ni[Au(CN)2]3} coordination polymer.


Although this narrative has revolved around the discus-
sion of magnetic properties, the presence of amounts of
nanoparticles small enough to be undetected by convention-
al analytical methods may also impact other physical proper-
ties (such as the conductivity, dielectric constant, optical, or
gas adsorption properties), which are often the motivation
behind the synthesis of coordination polymers. In short,
such nanoscale materials often have physical properties that
could inadvertently masquerade as properties of the overly-
ing coordination polymer product. It is therefore crucial to
consider this possibility when interpreting data, whether it is
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from the laboratory or from published literature. Finally,
this work has confirmed that, given the right conditions, the
hydrothermal treatment of cyanometalate polymers can gen-
erate a range of nanoparticle materials.


Experimental Section


General procedures and physical measurements : All reagents were pur-
chased from commercial sources and were used as received without fur-
ther purification. Hydrothermal reactions were carried out in sealed glass
ampoules inserted into a 125 mL stainless steel reaction vessel, with 30–
40 mL of H2O placed outside of the ampoule to equalize the pressure.
The vessel was heated in a Lindberg heavy-duty furnace equipped with a
programmable temperature controller. The thermal profile of each reac-
tion is specified in the synthetic description below. Infrared spectra were
recorded on a Thermo Nicolet Nexus 670 FTIR spectrometer from sam-
ples prepared as pressed KBr pellets. Microanalyses (C, H, N) were per-
formed by Mr. M. K. Yang at Simon Fraser University using a computer-
controlled Carlo Erba (Model 1106) CHN analyzer.


Room temperature synthesis of K{Ni[Au(CN)2]3} (RT): A solution of Ni-
ACHTUNGTRENNUNG(NO3)2·6H2O (29 mg, 0.10 mmol) in water (2 mL) was added to a solu-
tion of KAu(CN)2 (114 mg, 0.396 mmol) in water (10 mL). A pale-green
precipitate of Ni ACHTUNGTRENNUNG(m-OH2)2[Au(CN)2]2 formed immediately,[32] which was
left stirring in the solution for 4 d. Thereafter, the precipitate had
changed to a pale-blue powder, which was isolated by filtration. Its ele-
mental analysis was found to be consistent with the chemical composition
K{Ni[Au(CN)2]3}. This sample is referred to as RT herein. Yield: 72 mg
(85%); IR (KBr): ñ=2170 (s), 473 cm�1 (m); elemental analysis calcd for
C6N6Au3NiK: C 8.53, H 0.00, N 9.95; found: C 8.62, H trace, N 9.77.


Hydrothermal synthesis of K{Ni[Au(CN)2]3} (H-125): A solution of
KAu(CN)2 (114 mg, 0.396 mmol) in water (1 mL) was combined with a
solution of Ni ACHTUNGTRENNUNG(NO3)2·6H2O (29 mg, 0.10 mmol) in water (1 mL) in a
5 mL ampoule. Water was added to bring the total volume to �3 mL.
The ampoule was sealed and loaded into the reaction vessel. The vessel
was heated in a furnace from 25 to 125 8C over a period of 2 h, main-
tained at 125 8C for 6 h, and then slowly cooled back to 25 8C at a rate of
1 8Ch�1. Dark-blue hexagonal crystals of K{Ni[Au(CN)2]3} (0.01–2 mm in
diameter) and a pale-blue powder, also of K{Ni[Au(CN)2]3}, were ob-
tained by performing the reaction under these conditions. This sample is
referred to as H-125 herein. IR: ñ =2169 (s), 473 cm�1 (m); elemental
analysis calcd for C6N6Au3NiK: C 8.53, H 0.00, N 9.95; found: C 8.52, H
trace, N 9.96.


Using the same quantities of reagents, hydrothermal reactions were also
performed at higher temperatures: 1) with a maximum of 135 8C main-
tained for 65 h, followed by cooling at a rate of 55 8Ch�1 to generate
sample H-135, and 2) a maximum temperature of 165 8C maintained for
6 h, followed by cooling at a rate of 1.4 8Ch�1 to generate sample H-165.


X-ray crystallographic analysis : A blue hexagonal crystal of
K{Ni[Au(CN)2]3} (0.195Q0.156Q0.074 mm3) was mounted on a glass fibre
using epoxy adhesive. Single-crystal X-ray diffraction data, in the range
48 < 2q < 89.58, were recorded at 150 K on a Bruker SMART APEX II
diffractometer equipped with a CCD area detector, a graphite monochro-
mator, and an MoKa fine-focus sealed tube (l=0.71073 R) operated at a
power of 1.5 kW (50 kV and 30 mA). The unit cell was determined to be
trigonal, with space group P312, and unit cell parameters of a=


6.786(4) R and c=7.778(8) R (V=310.2(4) R3, Z’=1, fw=844.82,
C6N6Au3NiK, 1calcd =4.522). Data (5424 measured reflections, 1557 inde-
pendent reflections) were corrected for absorption effects using a numer-
ical face absorption correction (transmission range 0.0422–0.0639, m=


37.173). Data reduction, including Lorentz and polarization corrections,
was also performed. The structure was determined using CRYSTALS
(version 12).[68] It was solved using SIR 92 and expanded through the ap-
plication of Fourier techniques. All atoms were refined anisotropically.
Full-matrix least-squares refinement (1309 reflections included) on F (30
parameters) converged to R1 =0.0297, wR2 =0.0313 (Io>2.5s(Io)). Dia-


grams were generated using ORTEP-3 (version 1.076)[69] and POV-Ray
(version 3.6.0).[70] Selected bond lengths and angles are reported in
Table S1 in the Supporting Information. CCDC 676996 contains the sup-
plementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.


Powder X-ray diffractograms of the prepared samples were acquired on a
Rigaku RAXIS-Rapid Auto diffractometer equipped with a CuKa source
(l=1.54056 R) and a 0.3 mm collimator. Each sample was mounted on a
glass fibre using grease and then exposed to X-rays (for 45–60 min) as
the F axis was spun (108 s�1).


Magnetometry : Magnetization measurements were performed with a
Quantum Design MPMS-XL-7S SQUID magnetometer. Microcrystalline
samples were packed in gelatin capsules and mounted in diamagnetic
plastic straws. Direct current (DC) magnetization was measured upon
cooling from 300 to 1.8 K under an applied DC field of 1 kOe. Zero-
field-cooled (ZFC) and field-cooled (FC) magnetization measurements
were also performed upon warming from 1.8 to 300 K under different ex-
ternal fields (1, 10, 50, 100, and 300 Oe). The alternating current (AC)
susceptibility of all samples was also determined in zero applied DC field
as a function of temperature (100 to 1.8 K). The amplitude and frequency
of the AC field were 5 Oe and 10.0 Hz, respectively. The field depend-
ence of the magnetization was determined for all samples between
20 kOe and �20 kOe at 300, 100, 50, and 2 K. All data were corrected
for the diamagnetism of the constituent atoms by the use of PascalVs con-
stants.[71]


Transmission electron microscopy and characterization : Samples were
prepared by evaporating the water from an aqueous suspension of each
material on a carbon-coated copper grid. Imaging was carried out using
an FEI Tecnai 20 scanning transmission electron microscope (STEM) op-
erating at 200 kV and equipped with a CCD camera. Bright-field (BF)
and high-resolution (HR) images, as well as selected-area electron dif-
fractograms (SAED), were acquired in TEM mode. High-angle annular
dark-field (HAADF) imaging and energy-dispersive X-ray spectroscopy
(EDXS) were carried out in STEM mode. EDXS spectra were acquired
in 60 s using an EDAX unit. The images were analyzed using ImageJ
software.[72]
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Complexes Containing Various Ethynylaryl Groups
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Introduction


Square-planar d8 platinum(II) complexes have been shown
to display intriguing spectroscopic and luminescence proper-
ties,[1,2] which are affected by unusual metal–metal and p–p


stacking interactions of the surrounding ligands in the solid,
liquid-crystalline, or gel state.[3,4] Solvent-induced aggrega-
tion and marked solvatochromism have been observed as
well.[5] Early studies on d8 platinum(II) complexes of the
type [Pt ACHTUNGTRENNUNG(diimine)L2] (L=halide, nitrile, thiolate, isocyanide,
and acetylide) revealed low-energy absorptions arising from
metal-to-ligand charge-transfer (MLCT) electronic transi-
tions.[6,7] However, the development of these complexes was
limited by their nonemissive or short-lived excited states in
solution at room temperature. The lack of emission is due to
the presence of low-lying d–d excited states, which provide
facile nonradiative deactivation pathways aided by molecu-
lar distortion.[1,8] One successful strategy used to construct
long-lived and emissive terpyridyl platinum(II) complexes
involves utilizing substituted terpyridine ligands with low-
lying LUMOs and/or ancillary acetylide ligands with large
electron-donating abilities to raise the HOMO of the metal
center, which lowers the MLCT excited-state energy.[9] As a
result, the energy gap between the MLCT and d–d states in-


Abstract: Neutral orthometalated plati-
num(II) complexes of the deprotonated
6-phenyl-2,2’-bipyridine ligand (bearing
a trialkoxygallate, tolyl, ethynyltrialk-
ACHTUNGTRENNUNGoxygallate, or ethynyltolyl substituent)
and a s-bonded Cl, ethynyltolyl, or
ethynyltrialkoxygallate coligand have
been prepared by a stepwise procedure
based on copper-promoted cross-cou-
pling reactions. The X-ray structure of
the [2-(p-tolyl)ethynyl][4-{2- ACHTUNGTRENNUNG(p-tolyl)-
ACHTUNGTRENNUNGeth ACHTUNGTRENNUNGynyl}-6-phenyl-2,2’-bipyridyl)]plati-
num(II) complex revealed a coplanar
arrangement of all residues bound to
platinum, although the tolylethynyl
groups exhibit position-dependent
bending in the solid state. The com-
plexes exhibit charge-transfer absorp-
tion in the visible region. All except


two of the complexes also exhibit
charge-transfer emission, typically from
an excited state that has a submicrosec-
ond lifetime at room temperature in
deoxygenated dichloromethane solu-
tion. In accordance with the presence
of a carbometalated polypyridine
ligand, the emitting state is assumed to
have a mixture of metal-to-ligand
charge-transfer (MLCT) and intra-
ligand charge-transfer (ILCT) charac-
ter. However, spectral comparisons and
electrochemical data suggest that the
emissive state also exhibits interligand


charge-transfer (LLCT) character
when an electron-rich ethynylaryl
group is bound to platinum. In keeping
with altered orbital parentage in the
latter systems, the emission occurs at
longer wavelength. The excited-state
lifetime is also shorter, evidently due
to vibronic interactions. The decay is so
efficient when an ethynyltrialkoxygal-
late group binds to platinum that there
is no detectable emission in fluid solu-
tion, although the complexes do emit
in a frozen glass. The excited states are
subject to associative (exciplex)
quenching by Lewis bases, but the ad-
mixture of ILCT and/or LLCT charac-
ter diminishes efficiency, except for rel-
atively strong bases like dimethyl sulf-
oxide and dimethylformamide.
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creases favorably.[10] Theoreti-
cal investigations confirm that
substituents on the ancillary
ligand can play a major role in
tailoring the optical properties
of such complexes.[10c] This
trend was confirmed in many
platinum(II) s-alkynyl com-
plexes displaying high quan-
tum yield and long-lived pho-
toluminescence from MLCT
excited states.[11] Recently,
such a strategy has proven to
also be suitable in bipyridine-
based PtII acetylide complexes,
in which the available p orbi-
tals on the ligand can be fully
conjugated with the dxy orbitals
of the metal.[12] The interest in
the photophysical properties
arises because platinum(II)
complexes are effective as
DNA intercalators[13] as molec-
ular probes for biological mac-
romolecules,[14] in medicinal
chemistry,[15] and in electrolu-
minescent devices.[16] More re-
cently, uses in singlet-oxygen
production,[17] photocatalytic
hydrogen generation,[18,19] va-
pochromism,[20] luminescence-
based probes for cation sens-
ing,[21] and sensitization of lan-
thanide emission have provid-
ed additional motivation for
study.[22]


Electronic tuning of PtII


complexes is possible because
the properties of the core chelate (bipyridine, terpyridine,
phenylbipyridine, thiophene–bipyridine, furan–bipyridine,
etc.) are readily modified by incorporation of electron-do-
nating or electron-withdrawing residues.[23–25] The ancillary
coligand can also be advantageously replaced by s-alkynyl
residues, which can also bear substituents. Cationic or neu-
tral complexes are obtainable with phenanthroline or bipyri-
dine templates.[26,27] Orthometalated phenyl-bipyridine li-
gands also yield neutral complexes in conjunction with a s-
bonded acetylide ligand. A systematic study of the position-
al dependence of substituent effects is worthwhile and has
not been realized to date. Our present study on the series of
neutral complexes I–III including some in which gallate
fragments (3,4,5-dodecaalkoxyphenyl) are present at the 3-
or 4-position of the phenylbipyridine ligand or on the coli-
gand. Comparisons with the chloro-substituted Pt complexes
revealed that the presence of an ancillary s-alkynylated
ligand does not always positively influence the emission life-
time and quantum yield.


Results


Synthesis : The platinum chloro complexes Ia to Ic were pre-
pared by heating the corresponding ligands with K2PtCl4 in
a suitable solvent until disappearance of the ligand was ob-
served by thin-layer chromatography. Cross-linking of p-tol-
ylacetylene produced complexes IIa–IIc from the corre-
sponding chloro complexes Ia–Ic under mild anaerobic con-
ditions in the presence of CuI and triethylamine (to quench
the nascent acid). Similar conditions were used to prepare
complexes IIIa and IIIb from the chloro precursors and
3,4,5-tris(dodecyloxy)-5-ethynylbenzene. Direct reaction of
the free ligand 4-{2-[3,4,5-tris(dodecyloxy)phenyl]ethynyl}-6-
phenyl-2,2’-bipyridine with K2PtCl4 failed to give IId, likely
due to degradation of the ligand. Synthesis was possible by
first combining the 4-iodo-6-phenyl-2,2’-bipyridine ligand
with K2PtCl4 in acetonitrile/water and then replacing the
chloro coligand with p-tolylacetylene in the presence of cat-
alytic amounts of CuI (Scheme 1).
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Subsequent cross-coupling with 3,4,5-tris(dodecyloxy)-5-
ethynylbenzene was achieved under mild conditions with pi-
peridine as both solvent and base, and [Pd ACHTUNGTRENNUNG(PPh3)4] as cata-
lyst. There was no sign of any scrambling of the ethynylaryl
motifs during the last step. The complexes obtained are all
thermally and photochemically stable and were character-
ized by classical spectroscopic methods and elemental analy-
sis. Typical 1H NMR spectra are shown in Figure 1. The
most deshielded signal (a) is attributed to the proton in the
position a to the nitrogen atom of the external pyridine
ring. The second signal at low field (b) corresponds to the
proton located next to the carbon–platinum s bond. The ob-
servation of characteristic 195Pt satellites for these two sig-
nals testifies to coupling with the platinum atom. The pro-
tons in para (c) and meta (c’) positions of the central pyri-
dine ring form an AB quartet with JAB coupling constant de-
pending on the ligand substituents. Interestingly, when the
chloro coligand is replaced by a tolyl acetylide group,
proton signals (a) and (b) are shifted downfield from 9.00 to
9.30 ppm and 7.68 to 8.02 ppm respectively. A second AB
quartet (ee’, JAB=8.3 Hz, #0d=34.9 Hz) is representative of
the newly bound tolyl residue.


X-ray structure : The crystal structure reveals a distorted
square-planar geometry around the metal center in complex
IIa with a quasiplanar tridentate ligand.[28] The Pt�C bond
lengths (1.963 and 1.976 P) are not unusual, and the Pt�N
bond lengths trans to the phenyl group (2.131 and 2.106 P)
are markedly longer than the Pt�N bond to the central ni-
trogen atom (1.941–1.966 P). C�C bond lengths linked to


the metal center are shorter (1.151 and 1.185 P) than the
other C�C bond lengths (1.235 and 1.180 P). The Pt�C�C
bond lengths lie in the range 1.987–2.039 P. Complex IIa
crystallizes as head-to-tail dimers (Figure 2), stacked in an
offset manner (involving half the tridentate ligand) through
p–p interactions (the closest approach of 3.54 P is between
the centroids of the (Cg4=N2, C12–C16) and (Cg2’=Pt’
N1’ C11’ C12’ N2’) rings. Furthermore, the dihedral angles
between any rings of the two platform ligands do not exceed
3.318. The two crystallographically independent molecules
(A and A’) display differences in the tilt angles of the two
ethynyltolyl rings with respect to the quasiplanar Pt core,
and pronounced bending of the substituents Cg7 and Cg7’
out of the metal–ligand planes by 20 and 128, respectively,
provides the most obvious distinction between the A and A’
forms found in the crystal. The tilt-angle difference between
A and A’ is significantly greater for the ethynyltolyl group
bound to the metal (89.1 vs. 32.18) than for that bound to
the ligand (53.3 vs. 33.98). The ligand conformation reflects
intermolecular C�H···p interactions that sandwich ring
(Cg7=C28–33) between C20’ of ring (Cg6’=C19’–22’) and
C15 of ring (Cg4) in position (1+x, y, z) according to inter-
actions of type I and type III geometries,[29] respectively. The
C20’�H20’···Cg4 distance and angle are 2.888 P and 172.88,
and the C15�H15···Cg7 distance and angle are 2.982 P and
136.58. The Cg6’ ring is also stabilized by weak p–p stacking


Scheme 1. i) 4-Ethynyltoluene, CuI (10 mol%), DMF/NET3, RT, 69%;
ii) 4-ethynylgallate, piperidine, [Pd ACHTUNGTRENNUNG(PPh3)4] (10 mol%), RT, 47%.


Figure 1. 1H NMR (400 MHz, CDCl3) spectra of complex Ib (top) and
IIb (bottom). For the sake of clarity only the aromatic protons are
shown.
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on its symmetry-related counterpart in position 8�x, 1�y,
�1�z. At the opposite end of the dimer, the type III inter-
action involves ring Cg6 facing C32’ with a C32’�H32’···Cg6
distance of 2.892 P and an angle of 134.08.


The elongated conformers extend in the crystal along the
[101] direction and are piled up along the b axis upside
down through propagation of p–p interactions and C�H···p
interactions in directions normal to b. Adjacent conformers
of the same type are either offset by a 1808 rotation around
the 3.34 P Pt�Pt axis running along b (for A conformers) or
in p–p stacking interactions [for A’ conformers, the shortest
distance being 3.51 P between Cg1’ (Pt’, N1’, C1’, C6’-7’)
and Cg5’ (C1’–C6’)]. Nevertheless, all metal platforms lie on
the (151) plane with average interplanar distances of about
3.3 P, such that metal platform and tolyl sheets alternate
along the normal to the b axis (Figure 3a and b).


Electrochemistry : Electrochemical data (Table 1) were mea-
sured in dichloromethane with tetrabutylammonium hexa-
fluorophosphate as supporting electrolyte. All complexes
show at least one reversible couple in the cathodic region
and usually one or two irreversible waves in the anodic
region. Comparison of the CVs of Ia–IIIa is informative. All
three complexes exhibit a single reversible reduction at
�1.29 V, independent of the coligand (Cl, ethynyltolyl, or
ethynylgallate), in each instance attributable to reduction of
the N^N^C ligand, influenced by complexation to PtII.
Analogous results are found for PtII terpyridine com-
plexes,[30,31] such as tert-butylterpyridine complexes, which in
fact tend to display two reversible reduction processes.[32] In
keeping with ligand reduction, introduction of an electron-
donating gallate substituent on the periphery of the N^N^C
ligand makes the reduction potential more cathodic by


about 70 mV, regardless of whether the position of substitu-
tion is C2 or C3 (compare Ib with IIb and Ic with IIc in
Table 1). Here, too, variation of the coligand has no effect.
On the other hand, insertion of an ethynyl spacer between
the N^N^C ligand and the gallate group shifts the reduction
potential back into the range observed for ethynyltoluene-
substituted derivatives.


Except for the systems with chloride as coligand, the com-
plexes all display irreversible anodic waves as well. The first
oxidation wave usually corresponds to removal of an elec-
tron from the HOMO and formally involves oxidation of


Figure 2. ORTEP view of compound IIa (50% probability displacement
ellipsoids). Selected distances [P] and angles [8]: Pt�N2 2.131, Pt�N1
1.976, Pt�C1 1.988, Pt�C26 2.039, C26�C27 1.151, C17�C18 1.235, N2-
Pt-N1 79.33, N2-Pt-C1 160.11, N1-Pt-C26 174.76, Pt’�N2’ 2.16, Pt’�N1’
1.963, Pt’�C1’ 1.970, Pt’�C26’ 1.997, C26’�C27’ 1.185, C17’�C18’ 1.180;
N2’-Pt’-N1’ 79.59, N2’-Pt’-C1’ 158.84, N1’-Pt’-C26’ 177.40.


Figure 3. Views of the crystal packing of IIa down the a and b axes.
Dashed lines are guidelines for sheets.


Table 1. Electrochemical data for the new ortho-metalated PtII complex-
es.[a]


E0 [V] E0 [V] (DEp [mV])


Ia –[b] �1.29 (60)
Ib –[b] �1.36 (70)
Ic –[b] �1.36 (70)
IIa +1.02 (irr.) �1.29 (70)
IIb +1.05 (irr.) �1.37 (70)
IIc +1.09 (irr.), +1.45 (irr.) �1.37 (70)
IId +1.02 (irr.), +1.30 (irr.) �1.28 (70)
IIIa +0.88 (irr.), +1.49 (irr.) �1.29 (70)
IIIb +0.90 (irr.), +1.49 (irr.) �1.40 (70)


[a] Potentials determined by cyclic voltammetry in deoxygenated CH2Cl2
solution containing 0.1m [Bu4N]PF6 at a solute concentration of about
1.5 mm and 20 8C. Potentials were standardized versus ferrocene (Fc) as
an internal reference and converted to the SCE scale by assuming that
E1/2ACHTUNGTRENNUNG(Fc/Fc


+)=++0.38 V (DEp=60 mV) versus SCE. Error in half-wave po-
tentials is �15 mV. For irreversible (irr.) processes the peak potentials
Eap are quoted. [b] Ill-defined processes.
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PtII to PtIII.[33, 34] In line with this view oxidation occurs at vir-
tually the same potential [(+1.05�0.04) V vs. SCE] for all
four complexes in series II. However, the fact that the first
oxidation potential is about 15 mV more positive than those
of the complexes in series III possibly signals more partici-
pation of the coligand in the HOMO. Most of the complexes
containing a gallate group exhibit a second oxidation pro-
cess (Table 1), likely assignable to gallate-centered process.
Comparison between the oxidation of complex IIc and its
metal-free ligand clearly allow the conclusion that the oxida-
tion occurring at about +1.45 V is localized on the gallate
residue (Figure 4). No such process is found in complex IIa
or the corresponding metal-free ligand.


Room-temperature spectra : Representative absorption spec-
tra of the platinum complexes in Figure 5 reveal at least two
classes of electronic transitions. As is typical of platinum(II)
polypyridine complexes,[14b,35] a network of relatively intense
intraligand p–p* excitations appears in the UV region, at
wavelengths below about 400 nm. Weaker bands (e9
10000m


�1 cm�1) with charge-transfer (CT) orbital parentage
occur in the 400–550 nm window. The CT band system of
complex Ia is similar to that of [Pt ACHTUNGTRENNUNG(trpy)Cl]+ and related
systems in exhibiting poorly resolved structure.[35,36] As illus-
trated in Figure 5, complexes with an ethynylaryl coligand,
such as IIc, exhibit a broadened CT absorption that extends
farther toward longer wavelengths. Complex IIa, which has
an ethynyltolyl coligand and an ethynylaryl substituent at
the 4-position of the N^N^C ligand, exhibits an even broad-
er CT absorption.


The coordination environment also has a marked influ-
ence on the room-temperature emission properties, and this


is especially true for the coligand. In particular, complexes
IIIa and IIIb, which have an ethynylgallyl coligand, are
unique among the series in that they do not exhibit detecta-
ble emission in fluid solution. In keeping with the absorp-
tion energies, complexes with a chloro coligand emit at
shorter wavelengths than those in series II. Figure 6 depicts
the emission spectra of the same complexes as in Figure 5.
The room-temperature spectra are broad and featureless
except when chloro is the coligand, and there is evidence of
vibronic structure. The emission efficiencies are on the
order of 2–4% and tend to be higher for the complexes in


series I (Table 2). Complex Ia
exhibits the brightest emission
signal. Substituents on the tri-
dentate ligand also have an
impact. In particular, the emis-
sion wavelength and quantum
yield are higher when the aryl
substituent of the N^N^C
ligand is linked through an eth-
ynyl spacer at the C4 position.
In the absence of an ethynyl
spacer, the emission yield
tends to be higher when the
aryl substituent is connected at
the C4 as opposed to the C3
position of the N^N^C plat-
form. There is, however, no ob-
vious trend in the emission
maxima of the aryl-substituted
complexes.


The emission lifetime also
tends to be longer when the
aryl substituent is at the C4 po-
sition. When an ethynyl spacer
is present, the lifetime is even


Figure 4. Cyclic voltammetry of complex IIc (thick line) and L (gray line) in dichloromethane containing 0.1m


tetrabutylammonium hexafluorophosphate at room temperature, scan rate 200 mVs�1.


Figure 5. Absorption spectra of Ia (dashed), IIa (thin), and IIc (thick) in
dichloromethane at room temperature.
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longer despite the fact that emission occurs at a longer
wavelength (Table 2). All else the same, however, the com-
plexes in series I exhibit the longest excited-state lifetimes.
The lifetime of complex Ia is unique in that it is concentra-
tion dependent, and the value reported in Table 2 pertains
to infinite dilution. Within experimental error, the other
complexes do not show self-quenching, but the effect may
simply be harder to detect when the excited-state lifetime is
shorter.


Frozen-solution emission : The spectra observed from frozen
solutions in chloroform/dichloromethane (1/1) at 77 K ex-
hibit enhanced vibronic structure, except for the complexes
of series II that have an ethynyltolyl coligand; see Figure 7
for representative spectra. As is frequently the case with re-
lated polypyridine complexes,[37] the emission appears at a
shorter wavelength when the system is in a frozen matrix. In
addition, the energy differences between emission maxima
narrow, but the systems with a chloro coligand still emit at
shorter wavelengths, while the 4-substituted complexes emit
at longer wavelengths. One of the most striking effects is


that the complexes of series III also exhibit emission in a
frozen matrix. See Figure 7 for the emission spectrum of
IIIb. One other finding is that some complexes are appa-
rently prone to aggregation in frozen solution. The inset in
Figure 7 shows the emission from a concentrated and a
more dilute solution of complex IIc. The emission from the
aggregated form occurs at a longer wavelength and in this
particular case shows more vibronic structure.


Quenching studies : Because the excited states of plati-
ACHTUNGTRENNUNGnum(II) polypyridine complexes are often subject to
quenching by Lewis bases, quenching studies were carried
out, and Table 3 summarizes the results obtained for com-


plexes Ia and IIa. The rate constants come from fits of the
lifetime data depicted in Figure 8. Because quenching is in-
efficient except for relatively strongly donating Lewis bases,
the results reported pertain to DMF and DMSO, which have
donor numbers of 24.0 and 29.8, respectively.[38] When the
Stern–Volmer plot shows evidence of upward curvature, the
analysis allows for first- and second-order dependence on
the concentration of Lewis base. Comparisons based on the


Figure 6. Corrected emission spectra of complexes Ia (dashed), IIa (thin),
and IIc (thick) in deoxygenated dichloromethane at room temperature.
The relative areas under the curves are in proportion to the quantum
yields.


Table 2. Emission data corrected for instrument response.


Complex Emission at 298 K[a] Emission at 77 K[b]


lmax [nm] t [ns][c] F[c] lmax [nm]


Ia[d] 584 1150 0.060 545, 589, 635br
Ib 583 310 0.020 528, 565, 615sh
Ic 569 530 0.049 525, 563, 610sh
IIa 639 379 0.018 533, 600sh
IIb 609 167 0.018 534, 574, 630sh
IIc 617 297 0.025 538, 560sh
IId 639 426 0.023 563, 600sh
IIIa –[e] – – 543, 583, 630sh
IIIb –[e] – – 535, 573, 620sh


[a] In deoxygenated dichloromethane solution. [b] In dichloromethane/
chloroform (1/1). [c]Estimated error of 10%. [d]Fluid-solution data ex-
trapolated to infinite dilution. [e]No measurable signal.


Figure 7. Corrected emission spectra of complexes IIIb (dashed), IIa
(thin), and IIc (thick) in a dichloromethane/chloroform (1/1) glass at
77 K. The areas under the curves are arbitrary. The inset shows the emis-
sion spectrum of IIc in dilute (thick) and more concentrated solution
(thin).


Table 3. Quenching rate constants measured in dichloromethane at room
temperature.


Quencher kq [m
�2 s�1] (kq [m


�2 s�1])[a] Donor number[b]


Ia IIa


DMF 1.1W107 9.2W105 24.0
ACHTUNGTRENNUNG(2.4W107)


DMSO 4.4W108 7.5W107 29.8
ACHTUNGTRENNUNG(7.3W107)


[a] Third-order rate constant extracted from curved Stern–Volmer plots.
[b]Ref. [38].


Chem. Eur. J. 2008, 14, 7168 – 7179 L 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 7173


FULL PAPEROrthometalated Platinum(II) Bipyridine Complexes



www.chemeurj.org





rate constant for the term that is first-order in base
(quencher) are more informative, because the second-order
term is not always evident. The results reveal that the
quenching efficiency of complex Ia is approximately an
order of magnitude greater than that of IIa. Also, in line
with the donor strengths, DMSO is a more potent quencher
than DMF.


Discussion


CT absorption : The absorption maxima of the CT absorp-
tion bands of the complexes in series I appear at about
50 nm longer wavelength than the CT bands of [Pt-
ACHTUNGTRENNUNG(trpy)Cl]+ . Because the metal center formally becomes PtIII


in the excited state, the presence of the electron-rich carbo-
metalated ligand accounts in large part for the reduction in
energy required for excitation. In addition, theory suggests
that excitation of a carbometalated system entails a degree
of intraligand charge transfer (ILCT).[39,40] Thus, within the
N^N^C ligand, some degree of charge transfer probably
occurs from the p system of the phenyl moiety to that of the
adjoining bipyridine group.


At least two other effects are evident in the visible spec-
tra. One is that the CT absorption extends to significantly
longer wavelengths for all complexes in series II and III. Ac-
cording to theoretical work on related systems,[10c,12a,41, 42] the
extra excitation at the longer wavelength end of the spec-
trum has ligand-to-ligand charge transfer (LLCT) character.
Interligand CT excitation is possible when an orbital of the
coligand, in this case an electron-rich ethynylaryl group,
mixes into the HOMO. The electrochemical data in Table 1
suggest, in fact, that is the case. In the case of complexes
IIa, IId, or IIIa, the CT absorption extends to even longer
wavelengths due to the presence of the ethynyl spacer at the


C4 position of the N^N^C ligand. In general, coupling to
the empty p system of a substituent stabilizes the LUMO
and lowers the energy of a CT transition. Although the
other complexes in series II and III also have conjugating
substituents at the C3 or C4 position, steric forces keep an
aryl substituent from being in the plane of the polypyridine
ligand and limit the magnitude of the shift that occurs.[8,43, 44]


Photoluminescence : The photoluminescence properties
summarized in Table 2 show interesting trends. All else the
same in fluid solution, the emission yield is higher and the
excited-state lifetime is longer if the complex has a chloro
coligand as opposed to an ethynyltolyl coligand. Exactly the
opposite trend occurs with simple terpyridine analogues.
Thus, [Pt ACHTUNGTRENNUNG(trpy)Cl]+ is virtually nonemissive in fluid solu-
tion,[35] whereas [Pt ACHTUNGTRENNUNG(trpy) ACHTUNGTRENNUNG(C=CC6H5)]


+ emits with a micro-
second excited-state lifetime in room-temperature dichloro-
methane solution.[9] Figure 9 schematically summarizes the


key factors at work. Deactivation of photoexcited [Pt-
ACHTUNGTRENNUNG(trpy)Cl]+ apparently occurs via a thermally accessible d–d
excited state,[14b,35] or possibly a vibronic state characteristic
of trpy complexes.[45] Either way, the nonradiative pathway
becomes less accessible when a strong-field acetylide donor
replaces the chloro coligand.[9] Replacing trpy with the car-
bometalated 6-phenyl-2,2’-bipyridine ligand has a similar
effect, and [Pt ACHTUNGTRENNUNG(N^N^C)Cl] systems are also luminescent in
solution.[46] Thus, the d–d excited states are apt to be ther-
mally inaccessible in all three series under investigation.
Direct, nonradiative decay to the ground state must, there-
fore, regulate the lifetime, and the process appears to be in-
trinsically more efficient for the excited states that exhibit
LLCT character.


The effect may be even more exaggerated in complexes
IIIa and IIIb, both of which are nonemissive in fluid solu-
tion. As suggested by Scheme 2, the electron-rich gallate
groups are capable of enhancing the LLCT charge separa-
tion. The electronic reorganization depicted in Scheme 2 im-
plicitly involves changes in hybridization at various carbon
centers and suggests that structural relaxation will occur in
the excited state. All else the same, geometry changes in an


Figure 8. Quenching rates from the excited state lifetime of Ia as a func-
tion of the concentration of Lewis base at room temperature in dichloro-
methane. The quenchers are DMSO (&) and DMF (!). The symbols t


and t0 designate the excited-state lifetime, at the same concentration of
platinum, in the presence and absence of quencher, respectively.


Figure 9. Excited-state energy-level schemes for [Pt ACHTUNGTRENNUNG(trpy)Cl]+ and [Pt-
ACHTUNGTRENNUNG(N^N^C) ACHTUNGTRENNUNG(CCPh)]. Thermally assisted nonradiative decay via a 3d–d ex-
cited state is efficient in the chloro complex, whereas direct nonradiative
decay of the 3LLCT state occurs in the ethynyl derivative.
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excited state facilitate curve crossing and radiationless decay
to the ground-state surface. This model could explain the
fact that complexes IIIa and IIIb become emissive in a
frozen glass, because embedding the complex in a rigid
matrix would inhibit the structural changes that promote ra-
diationless decay. Others have also found that radiationless
decay is efficient in platinum(II) terpyridine complexes with
electron-rich ethynyl coligands.[47,48] In particular, the system
studied by Han et al. has an �C�C(4-NR2C6H4) coligand,
and the complex is nonemissive in solution except in the
presence of a strong acid, which curtails the electron-donat-
ing ability of the coligand by virtue of protonating the elec-
tron pair on the aniline nitrogen atom.[48] A referee suggest-
ed another possible explanation for the onset of emission
from complexes IIIa and IIIB in a rigid glass, namely, that
the energy ordering and/or orbital parentage of the low-
lying excited states may be different in frozen solution due
to changes in solvation.


Quenching phenomena : Another process of interest is for-
mation of excited-state complexes, or exciplexes, by Lewis
bases, as this can be an important quenching mechanism for
platinum polypyridine complexes.[2a, 36] In their ground elec-
tronic states, PtII complexes are almost always four-coordi-
nate, and the ligands form sigma bonds with the dx2�y2 orbital
and define a more or less square-planar coordination geom-
etry. However, higher energy configurations (i.e. , d–d or
MLCT excited states) can support a higher coordination
number, so that association of a Lewis base becomes feasi-
ble after photoexcitation. Coupling to the added degrees of
freedom induces quenching, and the rate constants increase
with increasing donor strength of the base. However, they
rarely approach the diffusion limit.[14b,49] For the complexes
involved in this study, the quenching rates are relatively low,
and studies have only been feasible with the strong donors
DMF and DMSO. In fact, the rates are slow enough for the
rate law to include a term that is second order in base con-
centration, consistent with, if not indicative of, pre-associa-
tion of the quencher in the ground state. At least two factors
limit the rate of exciplex quenching. One is the barrier to a
change in coordination geometry that stems from the


strength of coordinative covalent bonds to platinum. Simple
theory suggests that the barrier to adding a fifth ligand
scales with the ligand field parameter Dq, which is large for
third-row transition metal ions.[49,50] The other mitigating
factor is that the susceptibility to quenching varies with the
orbital parentage of the excited state. For example, for a
given base the rate of quenching is at least an order of mag-
nitude faster for the photoexcited state of [Pt ACHTUNGTRENNUNG(trpy)SCN]+


when compared with [Pt(4’-NMe2-T)Cl]
+ , where 4’-NMe2-T


designates 4’-(N,N-dimethylamino)-2,2’:6’,2’’-terpyridine.[49]


The [Pt ACHTUNGTRENNUNG(trpy)SCN]+ system is reactive because the excited
state has mainly 3MLCT character, so that the “hole” in-
duced by excitation is localized largely on the metal center.
In the case of the 4’-NMe2-T complex the reactive excited
state has substantial 3ILCT character, and the platinum
center is much less electrophilic in the photoexcited state.[31]


Other systems in which the emissive excited state has sub-
stantial intraligand character are also less susceptible to
quenching by Lewis bases[14b,51] Due to the presence of the
carbometalated N^N^C ligand, the excited states of the
complexes in series I and II all have substantial 3ILCT char-
acter, and hence it is not surprising that the magnitudes of
the quenching constants compiled in Table 3 are relatively
modest. Quenching by Lewis bases is less efficient for the
complexes in series II because the photoexcited states have
an admixture of 3LLCT character as well.


The other type of quenching worth noting occurs with
complex Ia, which exhibits a concentration-dependent life-
time in solution. The effect is not without precedent, be-
cause Connick et al. found that neutral complexes of plati-
num are prone to self-quenching.[52] Che and co-workers
found this to be the case with platinum complexed to a
N^N^C ligand system as well.[46] For complexes with a car-
bometalated NCN ligand, Williams and co-workers report-
ed that the observation of excimer emission is also possi-
ble.[53]


Conclusion


We have reported three new series of ternary platinum(II)
complexes bearing electronically active substituents on the
phenylbipyridine ligand and/or the coligand. All complexes
are redox active and exhibit a reversible reduction wave
and, with the exception of the PtCl complexes, one or more
irreversible oxidation waves. Interestingly, the complex with
the highest luminescence quantum yield (6%) in solution
has a chloro coligand. Complexes with an electron-rich ethy-
nylgallate coligand are nonemissive, but complexes with the
same group grafted to the C4 position of the phenylbipyri-
dine ligand emit normally. In general the emitting states ex-
hibit 3ILCT character, but LLCT character is also evident
when an ethynylaryl coligand is present. The LLCT charac-
ter enhances radiationless decay rates, especially in systems
with an ethynylgallate coligand. Excited states with intra-
and/or interligand orbital parentage tend to be less suscepti-
ble to exciplex quenching by Lewis bases. Future plans in-


Scheme 2. Possible electron-donating scheme in 3,4,5-dodecaalkoxyphe-
nylethynyl platinum complexes.
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clude extending the dimensionality by incorporating elec-
tron-withdrawing metal-containing groups in place of the
ethynylaryl moieties.


Experimental Section


General methods : 200.1 (1H), 300.1(1H), 400 (1H), 50.3 (13C), 75.46 (13C)
and 100.3 MHz (13C) NMR spectra were recorded at room temperature
with the residual proton resonances of deuterated solvents as internal ref-
erences. Fast-atom bombardment mass spectra were obtained by using a
ZAB-HF-VB-analytical apparatus in positive mode with m-nitrobenzyl
alcohol (m-NBA) as matrix. FTIR spectra were recorded on the neat liq-
uids or as thin films, prepared by evaporating a drop of dichloromethane
solution to dryness on KBr pellets. Chromatographic purification was
conducted on standardized aluminum oxide 90 or silica gel Si 60 (40–
63 mm). TLC was performed on aluminum oxide or silica gel plates
coated with fluorescent indicator. All mixtures of solvents are given in v/
v ratio.


Materials : K2PtCl4, 4-ethynyltoluene, CuI, NEt3, and piperidine were
used as purchased. 4-(2-p-Tolylethynyl)-6-phenyl-2,2’-bipyridine, 3-[3,4,5-
tris(dodecyloxy)phenyl]-6-phenyl-2,2’-bipyridine, 4-[3,4,5-tris(dodecyl-
ACHTUNGTRENNUNGoxy)phenyl]-6-phenyl-2,2’-bipyridine, 3-(p-tolyl)-6-phenyl-2,2’-bipyridine,
3-(p-tolyl)-6-phenyl-2,2’-bipyridine)chloroplatinum,[54] and 3,4,5-tris(dode-
cyloxy)-5-ethynylbenzene[55] were prepared and purified according to lit-
erature procedures. The solvents, dichloromethane and chloroform, as
well as the quenchers, dimethyl sulfoxide (DMSO) and N,N-dimethylfor-
mamide (DMF), came from Mallinckrodt. Exciton, Inc. supplied the
laser dyes. G. Frederick Smith Chemical Company and/or Mallinckrodt
were also the vendors for [Ru(2,2’-bipyridine)3]Cl2 and acetonitrile.


[4-(2-p-Tolylethynyl)-6-phenyl-2,2’-bipyridine]chloroplatinum (Ia): 4-(2-
p-Tolylethynyl)-6-phenyl-2,2’-bipyridine (100 mg, 0.29 mmol) and K2PtCl4
(122 mg, 0.29 mmol) were dissolved in of acetonitrile/water/chloroform
(40 mL, 8/2/1) in a closed Schlenk tube and heated to 110 8C for 5 days.
The solvents were evaporated; the residue was treated with water and ex-
tracted with dichloromethane. The residue was crystallized from di-
chloromethane/diethyl ether to give Ia (77 mg; 46%) as yellow crystals.
1H NMR ((CD3)2SO), 400 MHz): d =8.96 (dd with 195Pt satellites, 1H,
3J=5.3 Hz, 4J=0.9 Hz), 8.02 (td, 1H, 3J=7.9, 4J=1.6), 7.86 (d, 1H, 3J=


7.8 Hz), 7.68 (dd with 195Pt satellites, 1H, 3J=7.9 Hz, 4J=1.0 Hz), 7.59–
7.56 (m, 1H), 7.51–7.47 (m, 3H), 7.36 (d, 1H, 4J=1.0 Hz), 7.28–7.23 (m,
3H), 7.19 (td, 1H, 3J=7.4 Hz, 4J=1.3 Hz), 7.06 (td, 1H, 3J=7.4 Hz, 4J=


1.1 Hz), 2.42 ppm (s, 3H); 13C NMR ((CD3)2SO, 75 MHz): d=165.2,
156.3, 154.4, 148.2, 146.4, 142.5, 140.6, 140.3, 134.3, 133.4, 131.8, 130.6,
129.7, 128.5, 125.2, 124.2, 124.1, 121.3, 120.9, 118.0, 97.1, 86.9, 21.3 ppm;
UV/Vis (CH2Cl2): l (e)=446 (8200), 421 (sh, 6200), 346 (33000), 325
(30800), 282 nm (38500m


�1 cm�1); IR (KBr): ñ =2213 (w, C=C), 1608
(m), 1534 (m), 1413 (m), 783 cm�1 (m); FAB+ MS: m/z (nature of the
peak, relative intensity): 577.1, 576.1, 575.2, ([M+H]+ , 100, 95, 65); ele-
mental analysis (%) calcd for C25H17ClN2Pt: C 52.13, H 2.98, N 4.86;
found: C 52.07, H 2.79, N 4.72.


{3-[3,4,5-Tris(dodecyloxy)phenyl]-6-phenyl-2,2’-bipyridine)}chloroplati-
num (Ib): 3-[3,4,5-Tris(dodecyloxy)phenyl]-6-phenyl-2,2’-bipyridine
(282 mg, 0.33 mmol) and K2PtCl4 (136 mg, 0.33 mmol) were charged into
a Schlenk flask with THF (30 mL) and H2O (7 mL). The biphasic mixture
was heated to 65 8C for 18 h. The THF was removed by rotary evapora-
tion and the residue was extracted with dichloromethane, washed with
water and saturated brine, and filtered over hygroscopic cotton wool.
The solvent was removed by rotary evaporation and the product purified
by reprecipitation from dichloromethane/methanol to give Ib (305 mg;
85%) as a red powder. 1H NMR (CDCl3, 300 MHz): d =9.00 (d, 1H, 3J=


4.5 Hz), 7.68 (d with 195Pt satellites, 1H, 3J=7.0 Hz), 7.59–7.53 (m, 2H),
7.38–7.32 (m, 2H), 7.22 (d, 1H, 3J=8.0 Hz), 7.16 (t, 1H, 3J=7.5 Hz), 7.03
(t, 1H, 3J=7.5 Hz), 6.98 (d, 1H, 3J=8.5 Hz), 6.60 (s, 2H), 4.06 (t, 2H,
3J=6.5 Hz), 3.97 (td, 4H, 3J=6.3 Hz, 4J=2.2 Hz), 1.83–1.76 (m, 6H),
1.58–1.25 (m, 54H), 0.91–0.86 ppm (m, 9H); 13C NMR (CDCl3,
100 MHz): d =165.9, 157.8, 154.4, 152.0, 148.6, 146.8, 143.4, 141.3, 138.6,


138.2, 136.0, 135.1, 132.2, 131.1, 126.9, 126.7, 124.4, 124.0, 117.7, 106.6,
73.8, 69.5, 32.1, 32.0, 30.6, 30.0, 29.9, 29.8, 29.6, 29.5, 26.3, 26.2, 22.9, 22.8,
14.3 ppm; UV/Vis (CH2Cl2): l (e)=437 (1900), 367 (9300), 328 (15000),
298 (sh, 21500), 276 (27900), 267 (sh, 26700m


�1 cm�1); IR (KBr): ñ=


3045 (w), 2915 (s), 2848 (s), 1576 (m), 1465 (s), 1430 (m), 1364 (m), 1336
(m), 1228 (s), 1088 (s), 1018 (m), 837 (m), 742 cm�1 (s); FAB+ MS: m/z
(nature of the peak, relative intensity): 1056.1, 1055.1, 1054.1 ([M�Cl]+ ,
100, 100, 60); elemental analysis (%) calcd for C58H87ClN2O3Pt: C 63.86,
H 8.04, N 2.57; found: C 63.57, H 7.62, N 2.27.


{4-[3,4,5-Tris(dodecyloxy)phenyl]-6-phenyl-2,2’-bipyridine}chloroplatinum
(Ic) was prepared by the same procedure as for Ib from 4-[3,4,5-tris(do-
decyloxy)phenyl]-6-phenyl-2,2’-bipyridine (153 mg, 0.18 mmol), K2PtCl4
(82 mg, 0.20 mmol), THF (10 mL), and H2O (5 mL); quick chromatogra-
phy on silica gel with dichloromethane as eluent gave Ic (175 mg; 89%)
after reprecipitation from dichloromethane/methanol. 1H NMR (CDCl3,
300 MHz): d=8.50–8.49 (m, 1H), 7.79–7.68 (m, 2H), 7.43–7.37 (m, 2H),
7.12–7.11 (m, 3H), 6.95–6.91 (m, 4H), 4.15 (t, 4H, 3J=6.2 Hz), 4.07 (t,
2H, 3J=6.4 Hz), 1.91–1.79 (m, 6H), 1.56–1.53 (m, 6H), 1.30–1.26 (m,
48H), 0.91–0.86 ppm (m, 9H); 13C NMR (CDCl3, 50 MHz): d=165.4,
157.2, 154.1, 153.9, 151.1, 148.1, 146.6, 142.6, 140.1, 138.6, 135.0, 133.0,
130.5, 126.6, 123.9, 123.6, 123.0, 117.4, 116.3, 106.3, 73.8, 69.9, 32.1, 30.0,
29.9, 29.8, 29.7, 29.6, 29.5, 26.4, 22.9, 14.3 ppm; UV/Vis (CH2Cl2): l (e)=


437 (6700), 420 (6500), 363 (sh, 16700), 332 (22400), 296 (sh, 25800), 278
(36200), 269 (sh, 32200), 241 nm (sh, 30900m


�1 cm�1); IR (KBr): ñ=2919
(s), 2850 (s), 1605 (m), 1583 (m), 1467 (m), 1243 (m), 1115 (s), 720 cm�1


(s); EI-MS: m/z (nature of the peak, relative intensity): 1090.5, 1089.5,
188.5 ([M], 100, 100, 60); elemental analysis (%) calcd for
C58H87ClN2O3Pt: C 63.86, H 8.04, N 2.57; found: C 63.59, H 7.53, N 2.39.


General procedure for copper-promoted coupling reaction : The chloro-
platinum complex and the ethynyl derivate were dissolved in the appro-
priate solvent (CH2Cl2, DMF, or CH2Cl2/DMF). Triethylamine was added
and the mixture was degassed by bubbling argon for 30 min. Then cop-
per(I) iodide was added and the reaction mixture was stirred in the dark
at room temperature for 1–3 days. The residue was treated with water
and extracted with dichloromethane. The organic extracts were washed
with water and then with saturated brine and filtered over hygroscopic
cotton wool. The solvent was removed by rotary evaporation and the res-
idue was purified by column chromatography.


(2-p-Tolylethynyl)[4-(2-p-tolylethynyl)-6-phenyl-2,2’-bipyridine]platinum
(IIa) was prepared by the general procedure from Ia (110 mg,
0.19 mmol), p-tolylacetylene (100 mL, 0.79 mmol), CuI (4 mg, 0.02 mmol),
DMF (10 mL), and triethylamine (2 mL). Chromatography on aluminum
oxide with dichloromethane/petroleum ether (75/25) as eluent gave IIa
(100 mg; 82%) as dark red crystals after recrystallization from dichloro-
methane/cyclohexane. 1H NMR (CDCl3, 400 MHz): d=9.03 (dd, 1H, 3J=


5.5 Hz, 4J=1.0 Hz), 7.94–7.89 (m, 2H), 7.79 (d, 1H, 3J=8.0 Hz), 7.50–
7.40 (m, 7H), 7.29–7.26 (m, 1H), 7.22 (d, 2H, 3J=8.0 Hz), 7.14 (td, 1H,
3J=7.4 Hz, 4J=1.3 Hz), 7.08 (d, 2H, 3J=8.0 Hz), 7.02 (td, 1H, 3J=


7.5 Hz, 4J=1.5 Hz), 2.42 (s, 3H), 2.35 ppm (s, 3H); 13C NMR (CDCl3,
100 MHz): d =165.0, 157.8, 154.4, 151.6, 146.4, 142.7, 140.3, 138.7, 138.6,
134.8, 134.1, 132.2, 131.8, 131.5, 129.5, 128.8, 127.6, 126.1, 124.6, 123.7,
123.0, 120.2, 120.0, 118.8, 106.9, 104.6, 97.3, 86.9, 21.9, 21.5 ppm; UV/Vis
(CH2Cl2): l (e)=478 (10600), 454 (10500), 374 (sh, 15900), 339 (37200),
282 (51800), 249 nm (37000m


�1 cm�1); IR (KBr): ñ=3050 (w), 2209 (w,
C=C), 2088 (m, C=C), 1596 (m), 1500 (m), 1400 (m), 1237 (m), 1018 (w),
862 (m), 814 (s), 778 cm�1 (s); FAB+ MS: m/z (nature of the peak, rela-
tive intensity): 657.1, 656.1, 655.1 ([M+H]+ , 85, 100, 70), 540.0 ([M�ACHTUNGTRENNUNG(C=


CTol)]+ , 35); elemental analysis (%) calcd for C34H24N2Pt: C 62.28, H
3.69, N 4.27; found: C 61.92, H 3.44, N 3.89.


2-(p-Tolylethynyl){3-[3,4,5-tris(dodecyloxy)phenyl]-6-phenyl-2,2’-bipyridi-
ne}platinum (IIb) was prepared by the general procedure from Ib
(81 mg, 0.074 mmol), p-tolylacetylene (100 ml, 0.77 mmol), CuI (2 mg,
0.01 mmol), dichloromethane (10 mL), and triethylamine (2 mL); chro-
matography on silica gel with dichloromethane/petroleum ether (65/35)
as eluent gave IIb (60 mg; 69%) as an orange solid after reprecipitation
from dichloromethane/methanol. 1H NMR (CDCl3, 400 MHz): d =9.30
(dd, 1H, 3J=5.3 Hz, 4J=1.2 Hz), 8.03 (dd with 195Pt satellites, 1H, 3J=


7.5 Hz, 4J=1.0 Hz), 7.60 (AB system, 2H, JAB=8.3 Hz, #0d=34.9 Hz),
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7.59 (td, 1H, 3J=7.9 Hz, 4J=1.5 Hz), 7.45 (d, 2H, 3J=8.0 Hz), 7.40–7.36
(m, 2H), 7.19 (td, 1H, 3J=7.4 Hz, 4J=1.3 Hz), 7.09–7.01 (m, 4H), 6.54 (s,
2H), 4.05 (t, 2H, 3J=6.5 Hz), 3.94–3.90 (m, 4H), 2.34 (s, 3H), 1.84–1.74
(m, 6H), 1.46–1.25 (m, 48H), 0.90–0.86 ppm (m, 9H); 13C NMR (CDCl3,
100 MHz): d =165.0, 158.4, 154.4, 152.0, 151.9, 146.9, 143.1, 141.5, 138.7,
138.6, 137.8, 135.8, 134.8, 132.4, 131.8, 131.6, 128.7, 127.1, 126.8, 125.9,
124.5, 123.8, 117.7, 106.6, 106.5, 103.5, 73.8, 69.4, 32.1, 32.0, 30.6, 29.9,
29.8, 29.7, 29.6, 29.5, 29.4, 26.3, 26.2, 22.8, 21.5, 14.3 ppm; UV/Vis
(CH2Cl2): l (e)=461 (5300), 370 (12800), 335 (sh, 16600), 279 nm
(44800m


�1 cm�1), IR (KBr): ñ =3044 (w), 2920 (s), 2852 (s), 2099 (m, C=


C), 1583 (m), 1507 (m), 1462 (m), 1430 (m), 1340 (m), 1240 (s), 1111 (s),
821 (m), 751 (m), 718 cm�1 (m); FAB+ MS: m/z (nature of the peak, rel-
ative intensity): 1172.0, 1171.0, 1170.0 ([M+H]+ , 100, 100, 55); elemental
analysis (%) calcd for C67H94N2O3Pt: C 68.75, H 8.09, N 2.39; found: C
68.49, H 7.72, N 2.17.


(2-p-Tolylethynyl){4-[3,4,5-tris(dodecyloxy)phenyl]-6-phenyl-2,2’-bipyridi-
ne}platinum (IIc) was prepared by the general procedure from Ic (60 mg,
0.055 mmol), p-tolylacetylene (100 ml, 0.77 mmol), CuI (1 mg,
5.10�3 mmol), dichloromethane (8 mL), and triethylamine (2 mL). Chro-
matography on silica gel with dichloromethane/petroleum ether (50/50 to
1/0) as eluent gave IIc (45 mg; 70%) as an orange solid. 1H NMR
(CDCl3, 400 MHz): d=8.91 (d with 195Pt satellites, 1H, 3J=4.9 Hz), 7.96–
7.90 (m, 2H), 7.80–7.78 (m with 195Pt satellites, 1H), 7.57 (d, 1H, 4J=


0.8 Hz), 7.34–7.25 (m, 3H), 7.24 (AB system, 4H, JAB=8.0 Hz, #0d=


125.3 Hz), 7.00–6.95 (m, 2H), 6.80 (s, 2H), 4.05–3.99 (m, 6H), 2.35 (s,
3H), 1.83–1.76 (m, 6H), 1.54–1.46 (m, 6H), 1.41–1.23 (m, 54H), 0.91–
0.86 ppm (m, 9H); 13C NMR (CDCl3, 100 MHz): d =165.0, 158.3, 154.5,
153.9, 151.6, 151.4, 147.0, 142.5, 140.2, 138.7, 138.3, 134.7, 133.3, 131.6,
131.1, 128.8, 127.2, 126.2, 124.2, 123.4, 123.0, 116.5, 116.2, 106.2, 106.0,
105.2, 73.8, 69.7, 32.1, 30.6, 29.9, 29.8, 29.7, 29.6, 29.5, 26.4, 22.8, 21.5,
14.3 ppm; UV/Vis (CH2Cl2): l (e)=465 (8300), 443 (8700), 366 (sh,
17300), 337 (24900), 296 (sh, 35700), 281 (47800), 269 (sh, 43100); IR
(KBr): ñ=2921 (s), 2852 (s), 2098 (m, C=C), 1606 (m), 1504 (m), 1464
(m), 1313 (m), 1114 (s), 816 (m), 722 cm�1 (m); EI-MS: m/z (nature of
the peak, relative intensity): 1171.2, 1170.0, 1169.1 ([M], 90, 100, 60); ele-
mental analysis (%) calcd for C67H94N2O3Pt: C 68.75, H 8.09, N 2.39;
found: C 68.67, H 7.67, N 2.11.


(2-p-Tolylethynyl){4-{2-[3,4,5-tris(dodecyloxy)phenyl]ethynyl}-6-phenyl-
2,2’-bipyridine}platinum (IId): (2-p-Tolylethynyl)(4-iodo-6-phenyl-2,2’-bi-
pyridine)platinum (75 mg, 0.11 mmol) and 3,4,5-tris(dodecyloxy)-5-ethy-
nylbenzene (98 mg, 0.15 mmol) were charged into a Schlenk tube with pi-
peridine (15 mL). The mixture was degassed by bubbling argon for
30 min, and then [PdACHTUNGTRENNUNG(PPh3)4] (15 mg, 0.013 mmol) was introduced and
the reaction mixture stirred at room temperature for 18 h. The solvent
was evaporated and the residue purified by column chromatography on
silica gel with dichloromethane/petroleum ether (70/30). The product was
reprecipitated from dichloromethane/methanol to give IId (62 mg; 47%)
as a red solid. 1H NMR (CDCl3, 300 MHz): d=8.88 (d, 1H, 3J=5.1 Hz),
7.85 (dd with 195Pt satellites, 1H, 3J=7.3 Hz, 4J=0.9 Hz), 7.79–7.69 (m,
2H), 7.45–7.41 (m, 3H), 7.31–7.23 (m, 2H), 7.14 (d, 1H, 3J=7.7 Hz),
7.08–7.04 (m, 3H), 6.90 (td, 1H, 3J=7.5 Hz, 4J=1.1 Hz), 6.69 (s, 2H),
4.05–3.95 (m, 6H), 2.34 (s, 3H), 1.87–1.74 (m, 6H), 1.51–1.28 (m, 54H),
0.89 ppm (t, 9H, 3J=6.7 Hz); 13C NMR (CDCl3, 75 MHz): d=164.7,
157.6, 154.3, 153.3, 151.2, 146.4, 142.7, 140.5, 138.5, 138.4, 134.8, 133.8,
131.8, 131.3, 128.8, 127.3, 126.1, 124.6, 123.6, 123.2, 120.1, 119.9, 116.1,
110.8, 106.8, 104.9, 97.7, 86.4, 73.8, 69.4, 32.1, 30.6, 29.9, 29.8, 29.7, 29.6,
29.5, 26.3, 22.8, 21.5, 14.3 ppm; UV/Vis (CH2Cl2): l (e)=478 (10900), 455
(10700), 361 (28100), 346 (28400), 283 nm (55100m


�1 cm�1); IR (KBr):
ñ=3042 (w), 2919 (s), 2851 (s), 2207 (m, C=C), 2102 (m, C=C), 1601 (m),
1572 (m), 1504 (m), 1466 (m), 1364 (m), 1235 (s), 1116 (s), 1020 (m), 816
(m), 777 (m), 723 cm�1 (m); FAB+ MS: m/z (nature of the peak, relative
intensity): 1196.0, 1195.0, 1194.0 ([M+H]+ , 100, 95, 55), 1080.0 ([M�ACHTUNGTRENNUNG(C=


CTol)]+ , 30); elemental analysis (%) calcd for C69H94N2O3Pt: C 69.38, H
7.93, N 2.35; found: C 69.19, H 7.78, N 2.07.


{2-[3,4,5-Tris(dodecyloxy)phenyl]ethynyl}[4-(2-p-tolylethynyl)-6-phenyl-
2,2’-bipyridine]platinum (IIIa) was prepared by the general procedure
from Ia (77 mg, 0.13 mmol), 3,4,5-tris(dodecyloxy)-5-ethynylbenzene
(95 mg, 0.145 mmol), CuI (2.5 mg, 0.013 mmol), dichloromethane


(10 mL), and triethylamine (2 mL). Chromatography on silica gel with di-
chloromethane/petroleum ether (50/50 to 1/0) as eluent gave IIIa (85 mg;
55%) as a red solid after reprecipitation from dichloromethane/acetoni-
trile. 1H NMR (CDCl3, 300 MHz): d=9.08 (dd with 195Pt satellites, 1H,
3J=5.2 Hz, 4J=0.9 Hz), 7.96–7.81 (m, 3H), 7.50–7.42 (m, 5H), 7.29 (dd,
1H, 3J=7.8 Hz, 4J=1.2 Hz), 7.21 (d, 2H, 3J=7.9 Hz), 7.14 (td, 1H, 3J=


7.4 Hz, 4J=1.3 Hz), 7.01 (td, 1H, 3J=7.5 Hz, 4J=1.1 Hz), 6.78 (s, 2H),
4.01–3.94 (m, 6H), 2.41 (s, 3H), 1.84–1.72 (m, 6H), 1.51–1.26 (m, 54H),
0.91–0.85 ppm (m, 9H); 13C NMR (CDCl3, 75 MHz): d=165.2, 157.7,
154.3, 152.8, 151.8, 146.4, 142.5, 140.4, 138.7, 138.6, 137.1, 134.2, 132.2,
131.6, 129.5, 127.6, 124.6, 123.8, 123.7, 123.0, 120.3, 119.9, 118.7, 110.7,
107.3, 103.9, 97.5, 86.8, 73.7, 69.2, 32.1, 32.0, 30.5, 29.9, 29.8, 29.7, 29.6,
29.5, 26.3, 22.8, 21.8, 14.3 ppm; UV/Vis (CH2Cl2): l (e)=483 (sh, 8600),
452 (9700), 374 (sh, 15000), 342 (37200), 283 nm (55900m


�1 cm�1); IR
(KBr): ñ=2923 (s), 2852 (s), 2214 (w, C=C), 2094 (w, C=C), 1600 (m),
1466 (m), 1230 (m), 1114 cm�1 (m); FAB+ MS: m/z (nature of the peak,
relative intensity): 1196.0, 1195.0, 1194.0 ([M+H]+ , 100, 95, 50); elemen-
tal analysis (%) calcd for C69H94N2O3Pt: C 69.38, H 7.93, N 2.35; found:
C 69.19, H 7.62, N 2.17.


{2-[3,4,5-Tris(dodecyloxy)phenyl]ethynyl}[3- ACHTUNGTRENNUNG(p-tolyl)-6-phenyl-2,2’-bipyri-
dine]platinum (IIIb) was prepared by the general procedure from Ib
(170 mg, 0.30 mmol), 3,4,5-tris(dodecyloxy)-5-ethynylbenzene (265 mg,
0.40 mmol), CuI (8 mg, 0.04 mmol), DMF (22 mL), dichloromethane
(16 mL), and triethylamine (6 mL). Chromatography on silica gel with di-
chloromethane/petroleum ether (30/70 to 1/0) as eluent gave IIIb
(122 mg, 35%) as a red solid after reprecipitation from dichloromethane/
methanol. 1H NMR (CDCl3, 400 MHz): d =9.25 (dd with 195Pt satellites,
1H, 3J=5.3 Hz, 4J=1.3 Hz), 7.98 (d with 195Pt satellites, 1H, 3J=7.0 Hz),
7.58–7.51 (m, 3H), 7.37–7.28 (m, 6H), 7.16 (td, 1H, 3J=7.4 Hz, 4J=


1.3 Hz), 7.05–6.99 (m, 2H), 6.78 (s, 2H), 4.00–3.93 (m, 6H), 2.47 (s, 3H),
1.83–1.72 (m, 6H), 1.50–1.43 (m, 6H), 1.36–1.26 (m, 48H), 0.90–0.86 ppm
(m, 9H); 13C NMR (CDCl3, 75 MHz): d =164.9, 158.6, 152.7, 152.0, 151.9,
146.9, 143.0, 142.0, 139.4, 138.7, 137.7, 137.0, 135.7, 134.7, 131.5, 130.5,
128.6, 127.0, 126.6, 124.6, 123.8, 123.7, 117.9, 110.6, 106.7, 103.7, 73.6,
69.2, 32.1, 32.0, 30.5, 29.9, 29.8, 29.7, 29.6, 29.5, 26.3, 22.8, 21.5, 14.3 ppm;
UV/Vis (CH2Cl2): l (e)=469 (4300), 446 (4400), 370 (11300), 339
(14000), 290 nm (42300m


�1 cm�1); IR (KBr): ñ=2918 (s), 2850 (m), 2092
(m, C=C), 1586 (m), 1464 (m), 1224 (m), 1113 (s), 746 cm�1 (s); FAB+


MS: m/z (nature of the peak, relative intensity): 1172.0, 1171.1, 1170.2
([M+H]+ , 100, 100, 50); elemental analysis (%) calcd for C67H94N2O3Pt:
C 68.75, H 8.09, N 2.39; found: C 68.59, H 7.71, N 2.17.


Spectroscopic methods : Room-temperature absorption, luminescence,
and excitation spectra were recorded in dichloromethane. For the lumi-
nescence spectra, the slit setting was 5 nm, and an appropriate long-pass
filter prevented stray excitation light reaching the detector. For the exci-
tation spectra, the slit setting was usually 10 nm. The method of Parker
and Rees[56] provided estimates of the emission yields with [Ru(2,2’-bipyr-
idine)3]


2+ in acetonitrile as the standard (F=0.062).[57] The correction
factors for the emission intensities came from the manufacturer.


The frozen-glass emission spectra were collected in dichloromethane/
chloroform (1/1) at the temperature of liquid nitrogen with the aid of an
immersion Dewar. Simple dilution counteracted the tendency of some
complexes to aggregate in the frozen solution. For glassy samples, lumi-
nescence spectra were collected by using a 400 nm notch filter on the ex-
citation side and a 475 nm long-pass filter on the emission side. The slit
setting was 10 nm.


For lifetime measurements and quantum yield determination, the sam-
ples were deoxygenated by means of a series of freeze–pump–thaw
cycles. The excitation wavelength was 460 nm, and a combination of 555
and 585 nm long-pass filters served to isolate the emission signal. A pre-
viously described method for extracting lifetimes was used.[58] For the
quenching measurements the sample was in contact with air. When the
excited-state lifetime depended on the platinum concentration, it was
necessary to determine the lifetime without quencher at each platinum
concentration. A least-squares method yielded estimates of the quench-
ing constants from a variation of the Stern–Volmer equation,[59] which in
some instances included a term that was second-order in quencher.
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Instrumentation : The absorption spectrometer was a Varian Cary 100
Bio instrument, and the spectrofluorimeter was a Varian Cary Eclipse.
See previous work for a description of the nitrogen-pumped dye laser
and associated equipment used for lifetime determinations.[60]


X-ray diffraction : Compound IIa : C34H24N2Pt, Mr=655.64, crystal size
0.30W0.19W0.05 mm, triclinic, space group P1�. a=9.701(1), b=


16.628(2), c=17.579(2) P, a =67.085(3), b=89.414(2), g=80.768(2)8. V=


2573.8(5) P3, Z=4, Z’=2, 1calcd=1.692 gcm�3, m ACHTUNGTRENNUNG(MoKa)=5.496 mm�1, F-
ACHTUNGTRENNUNG(000)=1280.0, T=293 K, �10�h�6, �17�k�17, �17� l�18, collect-
ed/unique reflections: 7032/3082; R ACHTUNGTRENNUNG(int)=0.0407; method: full-matrix
least-squares refinement on F2; data/restraints/parameters: 5865/296/632,
GOF on F2 1.015; final R indexes (I>2s(I)): R1=0.0668, wR2=0.1537;
for all data: R1=0.1092, wR2=0.1814. Largest difference peak and hole:
+2.98 and �1.02 eP�3.


Electrochemical measurements : Cyclic voltammetry was performed with
a conventional three-electrode system by using a voltammetric analyzer
equipped with a Pt microdisk (2 mm2) working electrode and a silver
wire counter electrode. Ferrocene was used as internal standard and was
calibrated against a saturated calomel electrode (SCE) reference separat-
ed from the electrolysis cell by a glass frit presoaked with electrolyte so-
lution. Solutions contained the electroactive substrate in deoxygenated
and anhydrous dichloromethane containing doubly recrystallized tetra-n-
butylammonium hexafluorophosphate (0.1m) as supporting electrolyte.
The quoted half-wave potentials were reproducible within about 10 mV.
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Introduction


The study of infinite linear one-dimensional chains of metal
ions,[1] starting with the partially oxidized tetracyanoplati-
nate polymers known as Krogmann salts,[2] has long been of
interest in the context of conductive molecular wires.[3,4]


These chains conduct electricity through the delocalization
of electrons between linearly arrayed metal centers, but
have escaped technological utility because they are neither
ductile, like metal wires, nor can conducting fibers be gener-
ated from solution or the melt, as with many polymers.
More recently, oligomeric chains of metal atoms sandwiched
between parallel ligand strands have been investigated as
potential molecular wires.[5] These are soluble in many cases,
but their lengths are necessarily fixed by the lengths of the
ligand strands.


Herein we demonstrate a self-assembly process for gener-
ating chains of copper(I) ions surrounded by helical ligand
strands the lengths of which are not limited by the lengths
of the precursor subcomponents. The ligand strands contain
copper-bound imine (C=N) linkages that are generated from
diamine and dialdehyde subcomponents[6] by metal-ion tem-
plation.[7] A pair of ligands twist around a linear array of
copper(I) template ions in a double-helical fashion.[8] This
report details the full characterization of a structure contain-
ing four copper ions; longer arrays also appear to have been
generated, although their negligible solubility presented lim-
ited opportunities for characterization. Density-functional


Abstract: We describe the preparation
of a helicate containing four closely
spaced, linearly arrayed copper(I) ions.
This product may be prepared either
directly by mixing copper(I) with a set
of precursor amine and aldehyde sub-
components, or indirectly through the
dimerization of a dicopper(I) helicate
upon addition of 1,2-phenylenedi-
ACHTUNGTRENNUNGamine. A notable feature of this heli-


cate is that its length is not limited by
the lengths of its precursor subcompo-
nents: each of the two ligands wrapped
around the four copper(I) centers con-
tains one diamine, two dialdehyde, and


two monoamine residues. This work
thus paves the way for the preparation
of longer oligo- and polymeric struc-
tures. DFT calculations and electro-
chemical measurements indicate a high
degree of electronic delocalization
among the metal ions forming the
cores of the structures described
herein, which may therefore be de-
scribed as “molecular wires”.
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calculations and electrochemical measurements indicate that
the highest-energy electrons of our four-copper chain are
delocalized across all four copper ions, which suggests that
previous reports[9,10] of electronic delocalization between
partially oxidized pairs of copper ions (Cu2


3+ centers) are
likely to form the basis of a more general class of electroni-
cally delocalized Cun


[n+1]+ chains. Such structures may thus
be of use as electrically conductive materials.


Results and Discussion


The reaction between equimolar amounts of dicopper
double-helicate[11] 1[12] and 1,2-diaminobenzene gave tetra-
copper double-helicate 2 in 54% yield (Scheme 1, left). This
product was also directly accessible in 27% yield by sub-
component self-assembly[6] starting from the compounds
shown in Scheme 1, right. The identity of 2 was confirmed
by NMR spectroscopy, electrospray mass spectrometry, and
X-ray crystallography (see below).


Diamines and dialdehydes are known to come together
with metal ions to form metal-templated macrocycles,[7,13, 14]


as shown in Scheme 2a.[15] Two factors allowed us to avoid


this outcome during the formation of 2. First, our chosen di-
amine–dialdehyde pair cannot readily form an unstrained
cycle. An entirely flat, conjugated product would result in
the eclipse of two formyl groups (Scheme 2b), straining the
bond angles of such a product away from their preferred
value of around 1208. Models suggest that the cyclization of
these two formyl groups with a single bridging diaminoben-
zene would result in a highly strained buckled or saddle-
shaped product. In contrast, a helical conformation
(Scheme 2c) could avoid much of this strain. The second
factor, the preference of copper(I) ions to adopt a tetrahe-
dral coordination geometry, would also reinforce the helical
configuration shown in Scheme 2c. Two such helical ligands,
capped with monoamine residues, thread neatly around four
pseudotetrahedral copper ions in the structure of 2
(Figure 1), minimizing the strain of the system. The geome-
tries and modes of linking of our systemPs subcomponents
thus provide a program[16] for the self-assembly process to
follow,[14,17] which selects a linear array of copper(I) ions sur-
rounded by two helical polyimine ligands as the product.


In addition to product 2, both of the self-assembly reac-
tions of Scheme 1 resulted in the precipitation of a brown
material; free 2-(2-aminoethoxy)ethanol was also observed


in solution even when the cor-
rect stoichiometry of subcom-
ponents was employed
(Scheme 1, right). Elemental
analysis of the insoluble brown
product was broadly consistent
with a poly- or oligomeric ma-
terial with a repeat unit of two
diaminobenzene and two difor-
mylphenanthroline residues to-
gether with two copper(I) ions.
Further characterization of this
material was hampered by its
lack of solubility in all solvents
tested.


Between the insoluble co-
ACHTUNGTRENNUNGproduct, 2-(2-aminoethoxy)-
ACHTUNGTRENNUNGeth ACHTUNGTRENNUNGanol, and 2, all starting ma-
terials appear to be accounted
for. No evidence of free cop-
per(I) or copper(II) was ob-


Scheme 1. Preparation of tetracopper(I) double-helicate 2 either through the reaction of dicopper double-heli-
cate 1 with 1,2-diaminobenzene (left) or through the self-assembly of subcomponents (right)


Scheme 2. a) The strontium-templated[7] hexaazamacrocycle reported by Bell et al.[15] b) Steric clash should prevent the formation of a similar planar
macrocycle from the subcomponents of Scheme 1; the adoption of a helical conformation (c) avoids this strain.
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served by either NMR spectroscopy (broadening or shifting
of amine or solvent peaks) or ESIMS (as copper-bound or-
ganic molecules), and no evidence was observed of other di-
aminobenzene- or diformylphenanthroline-containing prod-
ucts.


Examination of the mass balance of this reaction thus sug-
gests that the self-assembly process is robust, generating
only 2 and its coproduct, which we infer to be oligomeric in
nature. The reactions in Scheme 1 are thus good candidates
to generate polymeric materials. Following solubility optimi-
zation, mixtures of oligomers might be obtained, with the
length distribution depending upon the ratio of capping
amine to bridging phenylenediamine present in the starting
mixture of subcomponents.[18]


Crystals of 2 suitable for X-ray diffraction were grown by
diffusion of an aqueous solution of 2 into an aqueous solu-
tion of barium perchlorate. A view of the structure is shown
in Figure 1. Although the distance between the central two
copper ions (Cu2 and Cu3 in Figure 1) was longer than the
distance between the exterior pairs of copper ions, we rea-
soned that the distances involved were sufficiently short in
all cases to allow for electronic delocalization between the
copper centers.[4]


Electronic structure calculations were thus carried out to
investigate the possibility of electronic communication
within wirelike structures similar to 2. To facilitate calcula-
tion, the terminal -CH2CH2OCH2CH2OH chains of 2 were
replaced with methyl groups in the computer model; this
simplified version is referred to as 2a below. The geometry


for 2a was optimized both in the ground state (tetracationic
singlet, 12a4+) and mono-oxidized (pentacationic doublet,
22a5+) at the DFT level of theory by using the generalized
gradient approximation (GGA) functional TPSS[19] with the
MIDI! basis set[20] for hydrogen, carbon, and nitrogen, and a
pseudopotential basis set[21] for copper. The TPSS functional
has previously been shown to provide quantitatively accu-
rate predictions for electronic interactions between copper
atoms in various bridged dicopper species.[22] Aqueous solva-
tion effects on energies and geometries were included by
using the conductorlike polarized continuum model
(CPCM).[23]


The calculated Cu1···Cu2 and Cu2···Cu3 distances for
12a4+ were 2.754 and 3.218 S, respectively; the correspond-
ing distances for 22a5+ were 2.618 and 3.190 S, respectively.
Both calculations converged to a structure of D2 point sym-
metry, rendering the Cu1···Cu2 and Cu3···Cu4 distances
equivalent. The calculated ground state Cu···Cu distances
matched the crystallographic distances very well, which indi-
cated that the chosen theoretical treatment was well adapt-
ed to this system. We note that in the absence of including
solvation effects, the large positive charges on the gas-phase
molecules lead to severe internal electrostatic repulsion and
optimized geometries that show very poor agreement with
experimental metrics. The prediction that oxidation of 2a
should lead to shorter Cu···Cu distances indicates that
Cu···Cu electronic communication should be enhanced in
the oxidized form, in keeping with the experimental results
of Jeffery et al.[10]


To assess and quantify the impact of chain lengthening
upon electronic delocalization in dicopper 1 and tetracopper
2, their oxidation potentials were measured and relevant cal-
culations were undertaken. Aqueous oxidation potentials
for 1a (the analogue of 1 with methyl groups in place of the
terminal -CH2CH2OCH2CH2OH chains) and 2a were com-
puted[25] using Gaussian 03[26] at the CPCM/TPSS level by
first computing the one molar standard-state energy change
DG (electronic energy plus electrostatic component of the
free energy of solvation) for the processes shown in Equa-
tions (1) and (2):


11a2þðaqÞ ! ðnþ1Þ1að2þnÞþðaqÞ þne�ðgÞ ð1Þ


12a4þðaqÞ ! ðnþ1Þ2að4þnÞþðaqÞ þne�ðgÞ ð2Þ


in which n=1 or 2. For n=2, triplet ground states were
found to be 6–9 kcalmol�1 lower in energy than the corre-
sponding closed-shell singlet states. Absolute oxidation po-
tentials were then computed from Equation (3):


E� ¼ �DG�


nF
ð3Þ


in which F is the Faraday constant. Potentials relative to the
standard calomel electrode (SCE) were determined by sub-
tracting 4.53 V from the absolute potential (4.53 V is the
sum of the absolute potential of the normal hydrogen elec-


Figure 1. ORTEP[24] view of 2 ; the alkoxy side chains, hydrogen atoms,
counterions, and solvent molecules of crystallization are not shown for
clarity. Cu1···Cu2=2.768(2), Cu2···Cu3=3.212(2), and Cu3···Cu4=


2.800(2) S.


www.chemeurj.org J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 7180 – 71857182


M. Geoffroy, K. Rissanen, L. Gagliardi, C. J. Cramer, J. R. Nitschke et al.



www.chemeurj.org





trode (NHE), 4.28 V,[27] and the potential of the SCE rela-
tive to the NHE, 0.248 V).


The computed one- and two-electron oxidation potentials
for both 1a and 2a are well separated, with E1=2


values (V/
SCE) of 1a2+!1a3+ , 0.45; 1a3+!1a4+ , 1.13; 2a4+!2a5+ ,
0.49; and 2a5+!2a6+ , 0.75. These data indicate a strong in-
teraction between the copper atoms in each case (such a
strong interaction is also consistent with the large singlet–
triplet energy difference noted above for the doubly oxi-
dized states). The predicted potentials for 1a are in good
qualitative agreement with the cyclic voltammogram (CV)
for 1 in CH2Cl2, which exhibits a quasi-reversible wave at
E1=2


=0.64 V/SCE (DE=Epa�Epc=0.16 V) and an irreversi-
ble wave at 1.00 V. The direct comparison of theory and ex-
periment when the latter indicates the occurrence of an irre-
versible process should not necessarily be expected to be
quantitatively accurate. Nevertheless, the quantitative agree-
ment between theory and experiment is also quite reasona-
ble given the large charges (and thus large solvation-free en-
ergies, ranging from 5 to 35 eV) involved.[28] This suggests
that the theoretical predictions for 2a may also be interpret-
ed to support coupling between the copper atoms in this
molecule; the experimental electrochemistry was more tech-
nically challenging in this case, but the CV of 2 does indeed
exhibit four irreversible oxidation waves at 0.43, 0.59, 0.82,
and 1.02 V versus SCE in CH2Cl2. The very large positive
charges for the triply and quadruply oxidized species made
the calculated wave functions too unstable to be interpreted,
but the first two computed oxidation potentials are again in
fair agreement with the observed (irreversible) waves. CVs
are presented in the Supporting Information.


Delocalization of the unpaired electron(s) in the oxidized
states is evident from inspection of the excess spin density
in the computed doublet and triplet species. As shown in
Figure 2, there is complete delocalization over all of the
copper atoms with some delocalization onto coordinating ni-
trogen atoms as well.


To better understand the electronic structure of 2a and its
implications for the band gap in an infinite wire, vertical
electronic excitation energies were computed at the time-de-
pendent (TD) DFT level for 11a2+ [29] and 12a4+ using the
B3LYP functional,[30] a polarized valence-double-zeta basis
set[31] on hydrogen, carbon, and nitrogen, and a Stuttgart
pseudopotential[21] on copper.[32] Both systems are predicted
to have long wavelength metal-to-ligand charge-transfer
(MLCT) excitations; exact values are provided in the Sup-
porting Information. Extrapolation of a plot of the HOMO–
LUMO separation versus 1/n in which n is the oligomer
length (in this case n=1 and 2) leads to a predicted band
gap of 0.85 eV for a polymer. We note that the TD-B3LYP
level has been shown previously to predict UV/Vis spectral
transitions for 1a2+ in good agreement with those measured
experimentally for 1.[29]


The longest wavelength transitions in 2a4+ are well de-
scribed as being one-electron excitations from the HOMO
and HOMO�1 to the LUMO, LUMO+1, and LUMO+2.
The HOMO is dominated by a combination of d orbitals on


Figure 2. Excess spin densities at the 0.00075 (doublets) and 0.0015 (trip-
lets) a.u. contour levels for 21a3+ (lower left), 31a4+ (lower right), 22a5+


(upper left), and 32a6+ (upper right). Hydrogen atoms have been re-
moved for clarity.


Figure 3. HOMO�1 (lower left), HOMO (lower right), LUMO (upper
left), and LUMO+1 (upper right) orbitals of 12a4+ at the 0.04 a.u. con-
tour level. For clarity, hydrogen atoms have been removed and the view-
ing angle for the virtual orbitals is different from that for the occupied or-
bitals.
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all four copper atoms, with somewhat larger amplitude on
the outermost two compared with the innermost (Figure 3).
The HOMO�1 is essentially identical to the HOMO except
for a phase difference. The first two virtual orbitals are com-
binations of ligand p* orbitals with minor contributions
from innermost copper d orbitals; the LUMO+2 is another
low-energy p* orbital delocalized over the ligands.


DFT results, which mirror both structural and electro-
chemical experimental measurements, thus suggest strongly
that tetracopper helicate 2 may form the basis of a new kind
of self-assembled electrically conductive molecular wire.
The electronic delocalization between copper ions, predicted
to underlie the conductivity of these structures, could thus
be considered as a generalization of the mixed-valence be-
havior previously observed in dicopper structures (originally
by McKee and Nelson in cryptands,[9] and more recently by
Jeffery et al.[10] in helicates). The aqueous self-assembly
technique used to prepare 2 could therefore lead to a novel
means of creating electrical connections within electronic
devices. The “self-healing” potential of such dynamically
self-assembled polymers[33] is also worthy of note. Further
studies are focusing upon the construction of soluble poly-
mers based on analogues of 2 containing more soluble sub-
components, as well as the growth of such polymers from
surfaces.


Experimental Section


Preparative synthesis of 2 : 1,10-Phenanthroline-2,9-dicarboxaldehyde
(0.368 g, 1.56 mmol), 1,2-phenylenediamine (0.084 g, 0.78 mmol), 2-(2-
aminoethoxy)ethanol (0.164 g, 1.56 mmol), copper(I) tetrakis(acetoni-
trile) tetrafluoroborate (0.490 g, 1.56 mmol), and deuterium oxide
(10 mL) were added to a 25 mL Schlenk flask. A magnetic stirrer bar
was added and the flask was sealed. The atmosphere was purified of di-
oxygen by three evacuation/argon fill cycles. The reaction was allowed to
stir for 10 d at 50 8C, after which time no more 1 was noted in the reac-
tion mixture by NMR spectroscopic monitoring. The 27% yield for the
formation of 2 was determined by 1H NMR spectroscopy by comparing
the integrations of the free and incorporated amines. The mixture was
then filtered and the filtered solution was frozen at �25 8C. Water was
then sublimed under dynamic vacuum at 0 8C. The residue was dissolved
in a minimum of methanol and precipitated by addition of diethyl ether.
After filtration, a dark green-brown solid was isolated. 1H NMR
(400 MHz, 300 K, D2O, referenced to 2-methyl-2-propanol at 1.24 ppm as
internal standard; peak assignments are consistent with COSY and
NOESY spectra): d =8.88 (d, J=8.08 Hz, 4H; 4-phenanthroline), 8.48 (s,
4H; imine), 8.42 (d, J=8.32 Hz, 4H; 7-phenanthroline), 8.16 (d, J=


8.08 Hz, 4H; 3-phenanthroline), 7.99 (m, 8H; 5,6-phenanthroline), 7.81
(d, J=9.08 Hz, 4H; 8-phenanthroline), 7.53 (s, 4H; imine), 6.80 (m, 4H;
4,5-phenylene), 5.75 (m, 4H; 3,6-phenylene) 3.06 (m, 12H;
NCHHCH2OCH2CH2OH), 2.60 (m, 8H; NCH2CH2OCH2CH2OH),
2.39 (m, 8H; NCH2CH2OCH2CH2OH), 1.56 ppm (m, 4H,
NCHHCH2OCH2CH2OH); 13C NMR (100.62 MHz, 300 K, D2O, refer-
enced to 2-methyl-2-propanol at 30.29 ppm as internal standard): d=


163.1, 155.9, 148.6, 146.9, 141.17, 141.11, 139.0, 138.6, 137.7, 132.9, 132.5,
131.7, 129.8, 129.2, 128.3, 126.8, 119.8, 71.7, 69.2, 60.3, 57.6 ppm; ESIMS:
m/z : 422.1 [24+], 542.8 [24+�Cu+], 593.5 [2·BF4]


3+ , 932.5 [2·2BF4]
2+ . The


brown material that precipitated during the reaction was subjected to ele-
mental analysis: elemental analysis calcd (%) for polymeric
[C41H27B2Cu2F8N8]n : C 52.81, H 2.92, N 12.02; found: C 53.03, H 3.36, N
11.91. Slightly better agreement may be obtained for material assumed to


contain some 2-(2-aminoethoxy)ethanol: elemental analysis calcd (%)
for [C41H27B2Cu2F8N8· ACHTUNGTRENNUNG(C4H11NO2)0.14]n : C 52.71, H 3.03, N 12.04.


X-ray analysis of 2 : Brown crystals of 2 for single crystal X-ray diffrac-
tion analysis were obtained following counterdiffusion of an aqueous so-
lution of 2 into an aqueous solution of barium perchlorate. A moderate-
quality crystal, 0.30U0.15U0.05 mm in size, was mounted on a Nylon
loop sample holder with perfluoro polyether and the data collected at
153.0(1) K using a Bruker Kappa Apex II diffractometer with graphite-
monochromatized MoKa (l =0.71073 S) radiation. Collect[34] software
was used for the data collection and DENZO-SMN[35] was used for the
processing. The structure was solved by direct methods with SIR97[36] and
refined by full-matrix least-squares methods with WinGX-software,[37]


which utilizes the SHELXL-97 module.[38] Crystal data:
C84H75.5Cl4Cu4N16O29.5 ; Mr=2177.06; monoclinic; space group C2/c (no.
15); a=46.803(2), b=18.4037(6), c=24.1872(7) S; b =120.863(2)8 ; V=


17884(1) S3; Z=8; 1calcd=1.617 mgm�3 ; m=1.150 mm�1; F ACHTUNGTRENNUNG(000)=8892;
28678 collected reflections of which 15511 were independent (R ACHTUNGTRENNUNG(int)=


0.0995); no absorption correction; full-matrix least-squares on F2 with 13
restraints and 1303 parameters; GOF=1.124; R1=0.1236; wR2=0.2500
[I>2 sigma(I)]; R1=0.1958; wR2=0.2955 (all data); largest peak/hole=


1.374/�1.355 e�S�3. All C�H and O�H hydrogen positions were calcu-
lated and refined as riding atom model with 1.2 and 1.5 times of the ther-
mal parameter of the carbon and oxygen atoms, respectively. The ethyl-
ene glycol chains of the helicate were found to be severely disordered,
the disorder was modeled by assigning partial occupancy for some atoms
within these chains. Residual electron density of the tetracation and the
four perchlorate anions contained numerous separated peaks. All of
these peaks were treated as disordered water molecules with partial oc-
cupancy (the hydrogen atoms could not be located).


CCDC-664077 contains the supplementary crystallographic data for 2.
This data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Oriented Immobilization of a Fully Active Monolayer of Histidine-Tagged
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Introduction


Controlling the molecular structure, organization, and/or
orientation of proteins on a solid surface without distressing
their native functionality is a key issue in the development
of many biotechnological applications, such as biosensors,[1,2]


biomolecular electronics devices,[3] or biofuel cells.[4] Initially
developed for the biochemical purification of genetically en-
gineered proteins, the formation of ternary metal–chelate
complexes between nitrilotriacetic acid (NTA) and histi-
dine-tagged recombinant proteins has been shown to be a
promising strategy for controlling protein orientation at in-
terfaces, requiring only mild protein modification.[5] More-
over, the specific immobilization is reversible, which allows
the release and recovery of the immobilized protein under
mild conditions. Such a strategy has proved to be useful for
improving the recognition between a receptor immobilized
on a surface and a ligand in solution[6–8] or for modulating
the electrical communication between an electrode and a
redox protein site-specifically oriented on its surface.[2,9, 10]


Self-assembled monolayers (SAM) of NTA-terminated al-
ACHTUNGTRENNUNGkane ACHTUNGTRENNUNGthiols on a gold surface are by far the most investigated
platform in the applications mentioned above. Two ap-
proaches are currently used: 1) a direct method in which the
NTA-terminated alkanethiol is separately synthesized
before being self-assembled in a single step on a gold sur-
face and 2) a two-step method in which a SAM of alkane-
thiol terminated by a functionalizable group is first chemi-
sorbed on gold and subsequently chemically coupled to the
desired NTA ligand. The second method is the most widely
investigated and involves, for instance, the coupling of a
NTA-containing primary amine with an activated carboxyl-
ate-terminated SAM.[2,9–11] The main inconveniences of this
latter approach is a rather lengthy and laborious preparation
of the protein-immobilizing ligand on gold surfaces and a
poor control of the ligand coverage due to the low coupling
yields reported for amide bond formation.[11] SAMs pre-
pared by the direct method should provide modified gold
surfaces that are better defined and characterized, but this
has only been reported for long NTA-terminated alkane-
thiols,[6–8] which are generally not compatible with electro-
chemical detection (i.e. , long alkyl chains may slow down or
impede electron transfer). One objective of this work was
thus to design, by the direct method, a short-length NTA
SAM on the surface of a gold electrode for site-specific im-
mobilization of a recombinant histidine-tagged redox
enzyme and for efficient transduction of its catalytic activity
into an electrochemical response. Another important objec-
tive was to characterize quantitatively all the steps in the
immobilization procedure and to determine precisely the ef-
ficiency of the immobilization strategy and the extent to
which the His-tagged enzyme is preserved from deactivation


Keywords: electrochemistry · en-
zymes · immobilization · redox me-
diators · self-assembled monolayers


Abstract: The formation of a dense monolayer of histidine-tagged recombinant
laccase on gold electrodes by using a short thiol-NTA linker is described, as well
as a kinetic analysis of the process by cyclic voltammetry. From a detailed analysis
of the catalytic reduction of dioxygen by laccase in the presence of a one-electron
redox mediator it can be concluded that the immobilized enzyme remains as
active as in homogeneous solution.
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through partial denaturation, steric hindrance, and/or con-
formational changes.


As a His-tagged redox enzyme model, we selected re-
combinant laccases (LAC3) from a Trametes sp. strain
C30[12] with a 6 L His-tag at their N- or C-terminal extremi-
ties. Laccases are multi-copper oxidases capable of catalyz-
ing the four-electron reduction of dioxygen to water with a
concomitant oxidation of a broad range of substrates, which
makes them of special interest not only in bioremediation[13]


and biosensing applications,[14–16] but also as cathodic elec-
trocatalysts in biofuel cells.[4,17, 18] Laccases are also charac-
terized by the presence of a blue type-1 copper site, which
acts as a primary electron-acceptor relay from reductant
substrates, and a trinuclear copper site, which is responsible
for the reduction of dioxygen. Although some attempts have
been made to evaluate the kinetic properties of laccases im-
mobilized on electrodes,[19–22] the rate constants determined
were always apparent values because of the difficulty of pre-
cisely knowing the amount of fully active enzyme attached
to the electrode and of appraising the effects of diffusion-re-
striction and partitioning within the more or less thick films
of laccase usually deposited on the electrode surface.


With the aim of quantitatively characterizing the pro-
posed enzyme immobilization strategy, it was necessary to
address several interconnected issues. One was to establish
the relationships that link the voltammetric catalytic current
response to the surface concentration of affinity-bound lac-
case through a comprehensive overview of its mechanism.
The second was to determine the true kinetic rate constants
for the activity of the immobilized enzyme (i.e., equivalent
to those obtained in homogene-
ous reactions) and to compare
them with their homogeneous
counterparts. For such a pur-
pose, the amount of active
enzyme immobilized on the
electrode was carefully quanti-
fied by an indirect method. Fi-
nally, the last issue was to
relate the electrochemical re-
sponse to the affinity-binding
isotherm of the His-tagged lac-
case towards the thiol-NTA
electrode, thus offering a way
to evaluate the efficiency of the
proposed immobilization
strategy.


The poor substrate specificity
of laccases allows natural elec-
tron donors to be replaced by
artificial redox substrates (me-
diators), which enables electro-
catalytic reduction of dioxygen
by laccases in cyclic voltamme-
try.[23] In this work, we selected
a fast one-electron redox
couple, [Os ACHTUNGTRENNUNG(bpy)2pyCl]2+/[Os-


ACHTUNGTRENNUNG(bpy)2pyCl]+ (bpy=bipyridine, py= pyridine), which proved
to be a particularly efficient mediator of the catalytic reduc-
tion of O2 by laccase in cyclic voltammetry.


Results and Discussion


A short-length NTA-terminated thiol, N-[5-(1,2-dithiolan-3-
ylpentanoylamino)-1-carboxypentyl]iminodiacetic acid
(Scheme 1), was synthesized by coupling thioctic acid with
N-(5-amino-1-carboxypentyl)iminodiacetic acid. The SAM
coating was achieved by immersion of a gold electrode in an
ethanol solution of the thiol-NTA (1 mg mL�1) for 12 h at
4 8C. The surface concentration of the thiols grafted onto
the gold electrodes was estimated by oxidative desorption in
a 0.5 m solution of KOH by scanning voltammetrically from
�0.2 to 0.7 V versus SCE.[24] After correcting for oxidation
of the gold surface, and assuming a three-electron oxidation
peak, a sulfur atom surface concentration of (7�0.5) L
10�10 mol cm�2 was found. This value is close to the value of
(8�0.5) L 10�10 mol cm�2 found under the same conditions
for a SAM of thioctic acid and is consistent with the theoret-
ical value of a close-packed monolayer. Assuming two sulfur
atoms are grafted per molecule, the surface concentration of
the thiol-NTA linker was finally estimated to be (350�
25) pmol cm�2. Metalation of the NTA ligand was achieved
by soaking NTA-modified electrodes in a 1 mm solution of
CuCl2 (0.1 m phosphate buffer, pH 7.4) for 30 min. The sur-
face coverage of CuII was estimated as previously reported
from its voltammetric response,[25] and a value of (250�


Scheme 1. 1,2) Two-step synthesis of the thiol-NTA ligand from thioctic acid, 3) thiol chemisorption on the
gold surface, 4) pretreatment of the NTA-modified surface with an aqueous solution of CuCl2, and 5) addition
of the histidine-tagged protein to the modified surface.
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50) pmol cm�2 was obtained, which indicates that more than
70 % of the immobilized ligand was coordinated to the CuII


ion. Enzyme immobilization was achieved by immersion of
the modified gold electrode in a magnetically stirred 100 nm


solution of LAC3 with a 6 L His-tag at its C-terminal extrem-
ity (Scheme 1). Once loaded with the enzyme, the electrode
was washed and transferred to an electrochemical cell con-
taining phosphate buffer at pH 6.0.


The specific binding of His-tagged LAC3 at the electrode
is depicted in Figure 1a. A typical catalytic wave was ob-
tained by cyclic voltammetry in the presence of both an
excess of O2 (air-saturated solution) and the one-electron
redox mediator [OsIII


ACHTUNGTRENNUNG(bpy)2pyCl]2+ . The sigmoidal-shaped
wave of the voltammogram is characteristic of steady-state
conditions. The catalytic response vanished when any of the
three components (NTA-thiol, CuII, or [OsIII


ACHTUNGTRENNUNG(bpy)2pyCl]2+)
was omitted. Moreover, NTA-modified electrodes loaded
with copper were unable to bind laccase that was not His-
tagged. These results show that the binding of His-tagged
LAC3 is specific and related to the formation of a ternary
complex between the anchored NTA ligand, the CuII ion,
and the histidine residues in the recombinant protein. To ex-
amine the influence of the orientation of laccase on the cat-
alytic response, the same experiments were repeated with
recombinant LAC3 with a 6 LHis-tag at its N-terminal ex-
tremity. In solution, the specific activity of this N-terminal
His-tagged LAC3 was found to be of the same magnitude as
that of the C-terminal His-tagged LAC3, which indicates
that the introduction of the 6 L His-tag does not significantly
change the catalytic properties of the soluble form of the


enzyme. Once immobilized on an electrode under the same
conditions as the C-terminal His-tagged laccase, a steady-
state catalytic current response of the same intensity was ob-
tained. This result confirms the comparable reactivity of the
two recombinant enzymes, even in the immobilized state,
and it suggests the mediator has equal access to the primary
electron acceptor (type-1 copper) of laccase, whatever the
orientation of the protein. In several recent works, it was
proposed that by appropriate orientation of laccase at the
surface of an electrode, direct electronic communication be-
tween the electrode and the type-1 copper of the enzyme
could be established, leading to catalytic reduction of O2


without the mediator.[19,22] It was thus interesting to examine
such a possibility. Cyclic voltammograms were thus recorded
for both the N- and C-terminal His-tagged laccases immobi-
lized on gold electrodes in the absence of mediator, but no
noticeable electrocatalytic reduction of O2 was recorded
(the voltammetric curve was identical to the one recorded in
the absence of immobilized laccase). With the N-terminal
His-tagged laccase, this result is not really surprising be-
cause, on the basis of the crystallographic structure reported
for the Trametes versicolor laccase,[26] the N-terminal ex-
tremity in LAC3 appears localized on the opposite side of
the type-1 copper site such that the redox center is too far
for efficient electrical communication with the gold surface.
In the case of the C-terminal His-tagged laccase, the dis-
tance between the redox center and the electrode surface
should theoretically be much shorter, but the lack of re-
sponse in the absence of mediator suggests that this is prob-
ably not sufficient. Note that in the absence of dioxygen


(i.e., after degassing with
argon), the reversible wave of
the redox mediator [OsIII


ACHTUNGTRENNUNG(bpy)2-
ACHTUNGTRENNUNGpyCl]2+ is unaffected by the
presence of the chemisorbed
ligand and the immobilized pro-
tein (the reversible wave can be
overlaid on those recorded at
an unmodified gold electrode).
This clearly indicates that the
ligand and enzyme layer do not
impede electron transfer.


The enzyme-binding kinetics
were investigated by plotting
the catalytic plateau current
density, jcat,pl, as a function of
the immersion time (inset in
Figure 1b). The current re-
sponse at a CuII/NTA-modified
electrode reaches a maximum
value after 90 minutes and re-
mains stable for around 2 h
before decaying. A similar ki-
netic profile was obtained at a
NiII/NTA-modified electrode,
but the maximum current den-
sity was 3.5 times lower (inset


Figure 1. a) Cyclic voltammetry of thiol-NTA-functionalized gold electrodes in phosphate buffer (pH 6.0, T=


25 8C, scan rate: 20 mV s�1). Electrode A was loaded with CuII, whereas electrode B was not. Both were incu-
bated in a 100 nm His-tagged LAC3 solution for 90 min at T=20 8C. Electrode A was scanned in the presence
(A+Cu +Os, c) and absence (A+Cu-Os, c) of 20 mm [OsIII


ACHTUNGTRENNUNG(bpy)2pyCl]2+ . Electrode B (B-Cu +Os, a) was
scanned in the presence of 20 mm [OsIII


ACHTUNGTRENNUNG(bpy)2pyCl]2+ . b) Maximum current density values obtained for electro-
des charged with CuII and immersed in O2-saturated solutions with different bulk enzyme concentrations (T=


25 8C, 1 mm [OsIII
ACHTUNGTRENNUNG(bpy)2pyCl]2+). Contributions of the diffusion current of the mediator and of the residual cat-


alytic activity of the enzyme in solution have been subtracted. The curved line represents the Langmuir iso-
therm fitting. Inset: Current density as a function of incubation time with 100 nm bulk concentrations of
enzyme for electrodes loaded with NiII (*) or CuII (*).
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in Figure 1b). The lower catalytic response recorded at the
NiII/NTA-modified electrode suggests poorer affinity bind-
ing of the His-tagged enzyme with the NiII–NTA complex.
This result is consistent with the poorer binding of 1,1’-bis(-
methylimidazole)ferrocene previously observed at NiII/
NTA-functionalized carbon electrodes compared with
CuII.[25]


The affinity binding (Kb) of His-tagged LAC3 to the
NTA-modified electrode loaded with CuII was determined
from the plot of a Langmuir isotherm. The maximum cata-
lytic plateau current density, jcat,pl,max, which was assumed to
occur at equilibrium binding, was recorded at several
enzyme concentrations, C0


E, in solution (Figure 1b). The ex-
perimental data were fitted to the Langmuir equation
[Eq. (1), in which jscat,pl,max is the maximum catalytic plateau
current density for a saturated protein surface concentra-
tion]. From the fitting we obtained jscat,pl,max = 100 mA cm�2


and Kb =2.2 L 107
m
�1. The value of the binding constant is


comparable to that reported for the binding of a His-tagged
protein to a Ni–NTA lipid bilayer at pH 7.4[27] or to the af-
finity binding measured for a histidine-modified peroxidase
at a CuII/NTA-functionalized carbon electrode.[25] The decay
of the catalytic current in Figure 1b was attributed to a slow
dissociation of the enzyme from the surface and not to a de-
activation of the immobilized enzyme. This assertion is sup-
ported by the fact that a similar decay of the catalytic re-
sponse upon prolonged immersion was previously observed
in the kinetics binding curve of histidine-modified perox-
idase at CuII/NTA-modified carbon electrodes,[25] which sug-
gests that the loss of activity at enzyme–NTA-modified elec-
trodes is a general phenomenon. This effect might be attrib-
uted to the intrinsic reversibility of the binding of the metal
ion; the metal ion can slowly dissociate from the NTA-
modified electrode by competi-
tive binding with the 6 L His-tag
of the enzyme, as previously re-
ported for other NTA-modified
surfaces.[10,28] This hypothesis is
corroborated by an acceleration
of the decay at low pH values.
Note also that the recombinant
His-tagged laccases were not
especially unstable because
after a few weeks of storage at
4 8C there was no significant
loss of their activity.


jcat,pl,max ¼
jscat,pl,maxKbC


0
E


1þKbC
0
E


ð1Þ


The relative stability of the
enzyme layer after 90 min of
enzymatic binding (Figure 1b)
allowed us to analyze at the
same modified electrode the
catalytic kinetics of immobi-


lized LAC3. The catalytic current response of the immobi-
lized His-tagged LAC3 was analyzed on the basis of the lac-
case mechanism proposed in Figure 2a. The catalytic cycle
of laccase was assumed to proceed through a reaction
scheme analogous to a ping-pong mechanism in which four
electrons are sequentially taken up from reducing substrates
by the accessible blue type-1 copper site (T1), which trans-
fers them to a buried trinuclear copper center (T2 and T3
sites) about 13 O away.[26] Once fully reduced, the T2/T3
copper redox center binds O2 and then plays a key role in
the reduction of O2 to H2O. This accepted mechanism sug-
gests that the main functional role of the T1 center is to fa-
cilitate the first three long-range intramolecular electron
transfers from the substrate to the three copper centers in
the T2/T3 trinuclear cluster (the fourth electron reduces the
T1 site).[29, 30] The reductive half-reaction of the enzyme with
the electrochemically reduced form of the mediator was
therefore considered to occur through four sequential one-
electron transfers from [OsII


ACHTUNGTRENNUNG(bpy)2pyCl]+ to the CuII T1 site,
which includes after each of the first three bimolecular elec-
tron transfers an intramolecular electron-transfer step. It
was also postulated that there is no precursor complex be-
tween the reduced osmium(II) complex and the copper T1
site of laccase and that, at high substrate concentration, the
rate-determining step of the reductive half-reaction is the in-
tramolecular electron transfer from the T1 to the T2/T3
cluster. This hypothesis is reasonable because with a high
driving force between the mediator and the copper T1
center, a rapid bimolecular outer-sphere electron transfer
should occur. To verify whether a large driving force exists
between the [OsII


ACHTUNGTRENNUNG(bpy)2pyCl]+ mediator and the copper T1
center of LAC3, the standard potential of the copper T1
center of LAC3 was determined from a spectroelectrochem-


Figure 2. a) Reaction scheme used for the kinetic analysis of laccase under steady-state conditions. The mecha-
nism assumed a classic Michaelis–Menten-type reaction towards O2 followed by sequential four rapid electron
transfers from the osmium(II) complex [OsII


ACHTUNGTRENNUNG(bpy)2pyCl]+ to the oxidized copper T1 of laccase, the first three
steps were followed by rate-determining intramolecular electron transfer to the trinuclear cluster. b) Recip-
rocal plot of the catalytic plateau current density versus mediator concentration. The data were obtained at a
NTA-electrode loaded with CuII and incubated in a 100 nm His-tagged LAC3 solution for 90 min, and finally
scanned by cyclic voltammetry in an O2-saturated phosphate buffer (pH 6.0) containing 20 mm [OsIII-
ACHTUNGTRENNUNG(bpy)2pyCl]2+ (scan rate: 20 mV s�1, T=25 8C).
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ical titration (Figure 3). The perfect fitting of the redox titra-
tion curve of LAC3 with a one-electron Nernst equation
and the full reversibility of the titration process (Figure 3)


are in quite good agreement with the reversible one-electron
transformation of blue type-1 copper. From the fitting, a
formal potential value of E0’= 0.68 V versus NHE (n=1) at
pH 6.0 was obtained, which is 230 mV more positive than
the standard potential of the redox mediator involved in our
cyclic voltammetric experiments (E0 = 0.45 V versus NHE
for the [OsIII


ACHTUNGTRENNUNG(bpy)2pyCl]2+/ ACHTUNGTRENNUNG[OsII
ACHTUNGTRENNUNG(bpy)2pyCl]+ couple). The


half-oxidizing reaction was considered to follow a Michae-
lis–Menten-type reaction because the reaction of fully re-
duced native laccase with O2 has been shown to produce a
transient species, also called a peroxy intermediate, that is
further rapidly oxidized (k O2,2>1000 s�1) to a native inter-
mediate.[30]


For a monolayer of laccase immobilized on the electrode,
the current flowing through the electrode according to the
reaction scheme shown in Figure 2a may be expressed by
Equation (2). This expression is formally the same as that
for a classical ping-pong mechanism[31, 32] except that the rate
constants kcat and kM are a combination of several elementa-
ry rate constants.


�i ¼ �FSDM


�
@½M�
@x


�
x¼0
þ 4FSG0


E
1
kcat
þ 1
kO2
½O2 �x¼0


þ 1
kM ½M�x¼0


ð2Þ


in which 1
kcat


, 1
kM


, and kO2
are defined as follows:


1
kcat
¼ 1
ki,1
þ 1
ki,2
þ 1
ki,3
þ 1
kO2,2


1
kM
¼
X4


n¼1


1
kM,n


kO2
¼ kO2,1kO2,2


kO2,2þkO2,�1


DM is the diffusion coefficient of the mediator, F is the
Faraday constant, S is the electrode area, [O2]x=0 and [M]x=0


are the dioxygen and mediator concentrations at the elec-
trode surface (x= 0), G0


E is the protein surface concentration,
kcat is the turnover number (in s�1), and kO2


and kM are the
global bimolecular rate constants (in m


�1 s�1) for the oxida-
tion of the reduced laccase (ER) by O2 and the one-electron
reduction steps of the oxidized copper T1 by the osmium(II)
mediator, respectively. The factor four in Equation (2) is re-
lated to the four equivalents of the mediator required in the
catalytic cycle to reduce O2 to H2O. The pure catalytic con-
tribution of the current can be obtained by subtracting the
diffusion contribution [the first term in Eq. (2)] from the
total current. Taking into account the fact that at the catalyt-
ic plateau current, [M]x=0 =C0


M (in which C0
M is the con


centration of the mediator in solution), and that the cat-
alytic current does not significantly change when passing
from an air-saturated to a dioxygen-saturated solution (i.e. ,
kO2


[O2]x=0 @kcat), the catalytic plateau current density, jcat,pl,
may be simplified to Equation (3).


�jcat,pl ¼
�icat,pl


S
¼ 4FG0


E
1
kcat
þ 1
kMCM


0


ð3Þ


The catalytic plateau current was recorded under an O2-
saturated atmosphere and at different mediator concentra-
tions, ranging from 0.01–1 mm. The resulting values are plot-
ted in Figure 2b in the form of the reciprocal catalytic cur-
rent as a function of the reciprocal mediator concentration.
From linear regression analysis, one obtains from the inter-
cept kcatG


0
E = (1.3�0.2) L 10�10 mol cm�2 s�1 and the slope


kMG0
E = (1.3�0.2)L 10�5 cm s�1. To determine the absolute


values of kcat and kM, it was necessary to know precisely the
concentration of the enzyme at the surface. This was ach-
ieved by desorbing the His-tagged LAC3 immobilized on
the electrode into a small volume (80 mL) of a 0.1 m acidic
phosphate buffer (pH 3.6) for 60 min and then spectropho-
tometrically measuring the residual enzyme activity con-
tained in the slightly acidic solution (see the Experimental
Section). Complete release of the enzyme from the elec-
trode surface was confirmed by the total disappearance of
the electrocatalytic response. From the activity of the recov-
ered laccase, an enzyme surface coverage of G0


E = (2.7�
0.1) pmol cm�2 was estimated for a series of electrodes ob-
tained under the same conditions as those described in Fig-
ure 2b. Values of kcat = (50�5) s�1 and kM = (4.8�0.5)L
106


m
�1 s�1 were calculated. The value of kcat is close to the


Figure 3. UV/Vis spectra of mediated spectroelectrochemical titration of
His-tagged laccase (20 mm LAC3) in the presence of 180 mm [Os ACHTUNGTRENNUNG(CN6)]K4


(pH 6.0, T=20 8C), recorded at different equilibrated applied potentials.
Inset: Fraction of the oxidized T1 site of laccase (measured at l=


605 nm) as a function of the applied potential. Starting from the fully re-
duced laccase, the enzyme was first (&) progressively oxidized by for-
warding the potential in the anodic direction and then (*) reduced by re-
versing the potential in the cathodic direction. Solid and dashed lines
represent the fitting of the Nernst equation to the experimental data ob-
tained during the application of the forward and reverse potential, re-
spectively.
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one obtained from the spectrophotometric steady-state ki-
netics study of LAC3 in homogeneous solution (kcat =60 s�1


at pH 6.0). These results clearly illustrate that the immobi-
lized laccase remains virtually as active as in homogeneous
solution despite the use of a short thiol-NTA linker that
brings the enzyme very close to the gold metal surface. They
also demonstrate that the as-proposed immobilization strat-
egy prevents deactivation of the enzyme by the metallic sur-
face. Moreover, the value of kM/kcat was found to be identi-
cal for electrodes charged with NiII or CuII, which shows
that the metal ion used to anchor LAC3 does not interfere
with the enzyme reactivity.


From the enzyme kinetic parameter kcat and the maximal
current density of the Langmuir isotherm established at
high mediator concentrations (C0


M =1 mm), it was simple to
estimate the maximal enzyme coverage because kcat !kMC


0
M,


and so �jcat,pl =4kcatG
0
E. A maximal enzyme surface concen-


tration of G0
E,max = (5.1�0.5) pmol cm�2 was deduced. This


value agrees with the coverage that can be estimated from
the size of laccase and for a saturated monolayer of His-
tagged LAC3 on a perfectly flat surface. A theoretical satu-
rated surface concentration of 5–7.6 pmol cm�2 can be calcu-
lated for a compact monolayer of Trametes versicolor lac-
case (65 L 55 L 45 O3),[26] depending on the orientation of the
protein upon immobilization. The fact that the maximal
enzyme surface concentration derived from electrochemical
experiments is consistent with the theoretical value calculat-
ed for a densely packed monolayer of laccase is further evi-
dence that the proposed immobilization strategy leads to a
fully active monolayer of laccase.


Conclusion


We have shown that the surface of a gold electrode can be
easily modified by a short NTA-terminated alkanethiol in a
single step and that it can serve as an efficient platform to
affinity immobilize a packed and well-ordered monolayer of
a histidine-tagged laccase. We have also shown that the cata-
lytic activity of the immobilized enzyme can be investigated
by cyclic voltammetry in the presence of a diffusive one-
electron redox mediator. From a detailed kinetic analysis of
the catalytic reduction of dioxygen and indirect quantifica-
tion of the enzyme coverage, we concluded that the immobi-
lized laccase is as active as in homogeneous solution, with-
out noticeable loss of its intrinsic activity. This means that
despite the use of a short thiol-NTA linker, which brings the
enzyme very close to the gold surface, the enzyme activity is
not affected by the close proximity of the metallic surface. It
was, however, not possible to induce direct electron transfer
between the copper T1 site of laccase and the gold surface,
even with C-terminal His-tagged recombinant laccase, prob-
ably because of a too long-range electron transfer. We
expect that shortening the thiol-NTA linker will favor direct
electrical communication between the gold electrode and
the redox center of laccase. Work is in progress in this direc-
tion.


Experimental Section


Synthesis : N-[5-(1,2-Dithiolan-3-ylpentanoylamino)-1-carboxypentyl]imi-
nodiacetic acid was synthesized as follows: Step 1 was performed accord-
ing to ref. [33]. In step 2, freshly distilled triethylamine (1.8 mL) was
added to a solution containing Na,Na-bis(carboxymethyl)-l-lysine hydrate
(0.5 g; Fluka) dissolved in dried DMF (15 mL). The solution was stirred
and heated for 90 min to allow complete dissolution of the solid. The ac-
tivated ester (0.55 g) was then added to the mixture and the solution
heated at reflux for 4 h. The solution was then filtered and the solvent re-
moved under reduced pressure. The resulting orange oil was recuperated
and dried in a desiccator. The oil was redissolved in H2O/EtOH (1:1) and
left for the night at 4 8C; a white powder precipitated from solution.
After filtration, the powder was partially redissolved in hot acetone and
filtered. The filtrate was finally evaporated under reduced pressure to
give the thiol-NTA product as a pale-yellow solid (0.505 g, 62%).
1H NMR (250 MHz, CD3OD): d= 3.62 (d, 4H; 2L NCH2COOH), 3.55
(1 H; m, SCH), 3.46 (t, 1 H; CHCOOH), 3.18 (m, 2 H; SCH2), 3.32 (m,
2H; CH2NH), 2.46 (m, 1 H; SCH2CH2CHS), 2.19 (t, 2 H; CH2CO), 1.89
(m, 1H; SCH2CH2CHS), 1.80–1.20 ppm (m, 12 H; CH2); 13C NMR
(250 MHz, CD3OD): d =177.0 (COOH), 67.7 (CHCOOH), 58.6 (SCH),
56.5 (CH2COOH), 42.3, 41.1, 40.4, 38.0, 36.8, 31.8, 31.0, 27.8, 25.8 ppm;
elemental analysis calcd (%) for C18H30N2O7S2 (450.6): C 48.1, H 6.7, N
6.2%; found: C 48.1, H 6.7, N 5.8. MS (ESI+): m/z : 451 [M+H]+ , 473
[M+Na]+ .


The [OsII
ACHTUNGTRENNUNG(bpy)2pyCl]PF6 complex was synthesized as previously de-


scribed.[34] The corresponding osmium ACHTUNGTRENNUNG(III) (OsIII) complex was obtained
through its oxidation by LAC3 and purified using a 10 kDa cutoff ultrafil-
tration cartridge (Vivaspin).


Protein expression/purification : The LAC3 encoding sequence from the
plasmid pAKY145[12] was modified by site-directed insertion using the
Quick-Change protocol from Promega with the following mutagenic pri-
mers: Y145_NH top (bottom= reverse and complement) 5’CCC AAA
TAT CTG CAG CAA TAC ACC ATC ACC ACC ACC ATG GAC
CTG TCA CGG ACT TGA CC 3’ and Y145_CH top (bottom= reverse
and complement) 5’CCC GAC GGT CTC GGG CGC CAC CAT CAC
CAC CAT CAT TGA GAG GCG AAG CAG CTT C 3’. The resulting
six histidine coding extensions in pACY1 (C-terminal) and pACY2 (N-
terminal) were controlled by sequencing (Genome express). For each
construct, transformants were obtained from the yeast S. cerevisiae
W303-1A (MATa ade2-1, his3-11, 15, leu2-3, 112, trp1-1, ura3-1, can1-
100). For the recombinant protein production, cells were grown as previ-
ously described.[12] All purification steps were carried out at 4 8C. The
mycelium was removed by centrifugation for 30 min at 10000 rpm. The
supernatant was filtered through glass microfiber filters (Whatman, final
porosity 2.5 mm) and concentrated to 100 mL using a 10 kDa cutoff ultra-
filtration cartridge (prep/scale-TFF 2.5 ft2). The fluid obtained was fur-
ther concentrated (10 times) and dialyzed against 20 mm phosphate
buffer containing 0.5m NaCl and 25 mm imidazole at pH 7.4 (buffer A)
in an Amicon ultrafiltration stirred cell by using type YM 10 membranes.
The sample was centrifuged for 30 min at 10000 rpm again and then ap-
plied to a pre-equilibrated Ni-NTA column (GE Healthcare, HisTrap FF,
1 mL). The enzyme was eluted from the column with 20 mm phosphate
buffer containing 0.5m NaCl and 500 mm imidazole at pH 7.4 (buffer B)
at a flow rate of 1 mL min�1. The active fractions were collected, pooled,
and dialyzed against 20 mm phosphate buffer at pH 6.0 and then finally
concentrated on a Microcon YM-10 column at 4 8C. Tagged LAC3
(either N- or C-tagged) represented the unique proteinaceous component
of fractions that were eluted from the Ni-NTA column (as controlled by
PAGE-SDS).


Enzyme activity measurement : Homogeneous oxidation of the [OsII-
ACHTUNGTRENNUNG(bpy)2pyCl]+ (100 mm) complex by laccase (0.2–5 nm) in an air-saturated
phosphate buffer (0.1 m, pH 6.0 or 3.6, T=25 8C) was followed by moni-
toring the initial rates (during the first 60 s) of the disappearance of os-
mium(II) at 500 nm by UV/Vis absorption spectroscopy (diode-array
spectrophotometer Hewlett-Packard 8452A). At this wavelength the
molar extinction coefficients of the reduced and oxidized forms of the
osmium complex are 8900 and 500 m


�1 cm�1, respectively. Under these ex-
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perimental conditions, C0
M @kcat/kM and so the measured activity is only a


function of the kcat value, in accordance with Equation (4).


�d½OsII�
dt


¼ 4kcatC
0
E


ð4Þ


kcat values of 60 and 190 s�1 were reproducibly obtained for the C-termi-
nal His-tagged LAC3 at pH 6.0 or 3.6, respectively. The kcat value ob-
tained at pH 3.6 was then used to determine the amount of active laccase
desorbed from the electrode in the small volume (80 mL) of acidic solu-
tion at pH 3.6.


Electrochemical measurements : Prior to thiol immobilization, the poly-
crystalline gold electrodes (S= 0.0123 cm2) were polished with 3, 1, and
0.1 mm alumina, and analyzed in 0.5 m H2SO4 between 0.2 and 1.8 V
versus SCE. Evaluation of the effective area of the gold electrode was
carried out as previously reported.[35] We reproducibly found a rugosity
factor value of around two. Cyclic voltammetry was carried out with a
PST20 Autolab potentiostat (Eco-Chemie) interfaced with a PC comput-
er. Voltammetric experiments were performed in a water-jacketed elec-
trochemical cell maintained at a controlled temperature with a circulating
water bath. For the cyclic voltammetric experiments with laccase, solu-
tions (0.1 m phosphate buffer, pH 6.0) were saturated with dioxygen by
flushing the cell with dioxygen gas for a few minutes.


Spectroelectrochemistry : The UV/Vis-mediated spectroelectrochemical
titration of LAC3 was performed in solution by using a homemade one-
compartment bulk electrolysis cell adapted from that of Tsujimura
et al.[36] The working electrode was a fine wire mesh gold minigrid
(Goodfellow). A platinum wire (1 mm diameter), separated from the
bulk of the solution by a vycor frit and Teflon heat-shrink tubing (Prince-
ton Applied Research) filled with the buffer solution, was used as an aux-
iliary electrode. A DRIREF-2 Ag/AgCl/KCl 3 m (World Precision Instru-
ments) was used as the reference electrode (E0 =0.21 V vs. NHE, T=


20 8C). The three electrodes were inserted into a 3 mL quartz cell (1 cm
path length) through a silicon cap that hermetically closes the cell. An
additional tygon tube for degassing was introduced. The spectroelectro-
chemical cell was bubbled with argon throughout the entire experiment.
20 mm laccase in a total volume of 1.4 mL of 0.05 m phosphate buffer
(pH 6.0) was used. The titration was performed in the presence of 180 mm


[Os ACHTUNGTRENNUNG(CN6)]K4 (E0 =0.64 V vs. NHE). Electrolysis at a controlled potential
was carried out under magnetic stirring with a homemade potentiostat.
The optical absorbance spectra of the electrolyzed solution were moni-
tored with a 8452A diode-array spectrophotometer (Hewlett-Packard).
After each applied potential step, the solution was left to equilibrate
until two identical UV/Vis spectra were recorded. The absorption spec-
trum at 0.8 V versus NHE was identical to that of fully oxidized LAC3,
exhibiting a characteristic LMCT band with a maximum at l =605 nm. A
potential of 0.4 V versus NHE was applied for 20 min to remove any
traces of dioxygen. The anaerobicity of the cell was verified by checking
the stability of the reduced enzyme in the absence of any applied poten-
tial over a few minutes. Oxidative titration from 0.4 to 0.8 V was then
performed. After oxidative titration, the potential was swept back to re-
reduce the protein. The data were analyzed by using the Nernst equation
[Eq. 5], in which n is the number of electrons (in the present case, n=1),
Eappl is the applied potential, and E0’ is the formal potential of interest
(F= 96500 C mol�1, R=8.31 J mol�1 K�1). An average E0’ value of 0.68 V
versus NHE (pH 6.0) was found with n varying between 0.95 and 1.05.


fraction of CuII ¼ fexp ½ðE00 �EapplÞnF=RT�þ1g�1 ð5Þ
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Ester Hydrolysis by a Cyclodextrin Dimer Catalyst with a
Metallophenanthroline Linking Group


Ying-Hua Zhou, Meng Zhao, Zong-Wan Mao,* and Liang-Nian Ji[a]


Introduction


Over these years, a great deal of interest has been focused
on cyclodextrin dimers (BisCDs) that are covalently linked
by some flexible or rigid groups because of the favorable co-
operative binding interactions between the two hydrophobic
cyclodextrin (CDs) cavities and guest molecules.[1] Relative
to a- or g-CDs, b-CDs have an appropriately sized cavity
and appropriate water solubility; the result of this is that the
synthesis and properties of CD dimers through their primary
sides are well documented.[2] Breslow, Nolte, Fujita, and Liu
have synthesized a series of BisCDs with a variety of func-


tional linkers that can be further coordinated to a metal ion
as the active site of a metalloenzyme,[3–6] such as porphyrin,
bipyridine, and so on. These BisCDs have various compre-
hensive applications in chiral discrimination,[7] drug carri-
ers,[8] molecular recognition,[9] and enzyme mimics.[10] Mar-
sura et al. synthesized a metallohydrolase model with a
BisCD linked by a long-chained group, and the catalytic hy-
drolysis activity of the ester was low relative to a BisCD
linked by an appropriately lengthened metallobipyri-
dine.[11,12] It is well known that in biological systems a sub-
strate is rigidly immobilized around the catalytic group by
an enzyme exquisitely tailoring both the first and the second
coordination spheres of its active site to afford efficient and
selective catalytic systems for the reactive geometry.[12, 13]


Recently, Liu et al. reported a b-cyclodextrin dimer linked
by telluroxy group, in which the catalytic rate of hydrolysis
of bis(4-nitrophenyl) carbonate (BNPC) was remarkably ac-
celerated.[14] However, tellurium compounds are toxic to
living organisms and have not been found in natural bio-
macromolecules, including DNA, proteins, and lipids. To our
best knowledge, artificial hydrolase systems are usually
based on Zn2+, Cu2+, Co3+ , Fe3+, and lanthanide ions (Eu3+ ,


Abstract: A novel b-cyclodextrin
dimer, 1,10-phenanthroline-2,9-dimeth-
yl-bridged-bis(6-monoammonio-b-cy-
clodextrin) (phenBisCD, L), was syn-
thesized. Its zinc complex (ZnL) has
been prepared, characterized, and ap-
plied as a new catalyst for diester hy-
drolysis. The formation constant
(logKML =9.56�0.01) of the complex
and deprotonation constant (pKa=


8.18�0.04) of the coordinated water
molecule were determined by a poten-
tiometric pH titration at (298�0.1) K.
Hydrolytic kinetics of carboxylic acid
esters were performed with bis(4-nitro-
phenyl) carbonate (BNPC) and 4-nitro-
phenyl acetate (NA) as substrates. The


obtained hydrolysis rate constants
showed that ZnL has a very high rate
of catalysis for BNPC hydrolysis, giving
a 3.89 ? 104-fold rate enhancement over
uncatalyzed hydrolysis at pH 7.01, rela-
tive to only a 42-fold rate enhancement
for NA hydrolysis. Moreover, the hy-
drolysis second-order rate constants of
both BNPC and NA greatly increases
with pH. Hydrolytic kinetics of a phos-
phate diester catalyzed by ZnL was
also investigated by using bis(4-nitro-


phenyl) phosphate (BNPP) as the sub-
strate. The pH dependence of the
BNPP cleavage in aqueous buffer
shows a sigmoidal curve with an inflec-
tion point around pH 8.11, which was
nearly identical to the pKa value from
the potentiometric titration. The kcat of
BNPP hydrolysis promoted by ZnL
was found to be 9.9 ? 10�4


m
�1 s�1, which


is comparatively higher than most
other reported ZnII-based systems. The
possible intermediate for the hydrolysis
of BNPP, BNPC, and NA catalyzed by
ZnL is proposed on the basis of kinetic
and thermodynamic analysis.
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Ce4+), but natureLs choices fall mainly on Mg2+ , Zn2+ , Ca2+ ,
and Fe2+ . Therefore, the ZnII ion is the only metal frequent-
ly encountered in both natural and artificial agents, due to a
variety of factors: The ZnII ion is a good Lewis acid, ex-
changes ligands rapidly, is not toxic, and is not redox
active.[15] Moreover, it has no ligand-field stabilization
energy and, as a consequence, it can easily adapt its coordi-
nation geometry to best fulfill the structural requirement of
a reaction.[16] For all of these reasons, the development of a
ZnII-based artificial hydrolase would be highly valuable.


Recently, we reported some supramolecular models of
metallohydrolase and superoxide dismutase with the cyclo-
dextrin inclusion complexes constructed by metal-complex
binding into CD or its derivatives. We also reported that
their catalytic activities can be greatly improved due to
second coordination sphere interactions.[17–19] We found that
the inclusion complex with CD or its derivatives has poten-
tial in the development of an effective model for metalloen-
zymes. On the basis of the above work, we synthesized a cy-
clodextrin dimer linked by 1,10-phenanthroline-2,9-ammo-
niomethyl (phenBisCD, L) and its zinc complex (ZnL). In
this complex, the zinc ion has a stable ZnN4�OH2 configura-


tion, which was deemed to be an appropriate catalytic site
for hydration or hydrolysis.[20] The investigation of esterase
activity was performed by using ZnL to promote the hydrol-
ysis of BNPC, 4-nitrophenyl acetate (NA), and bis(4-nitro-
phenyl) phosphate (BNPP). Herein, we report the synthesis,
characterization, and thermodynamic properties of ZnL as
well as detailed hydrolytic kinetics of esters catalyzed by
ZnL.


Results and Discussion


Synthesis and characterization of ZnL : As illustrated in
Scheme 1, the dimer (L) is synthesized in a yield of 32 % by
the reaction of a 6-monodeoxy-6-monoamino-b-cyclodextrin
with 1,10-phenanthroline-2,9-dicarboxaldehyde and is char-
acterized by spectroscopy (see Figures S1–S3 in the Support-
ing Information). The further reaction of L and zinc(II) per-
chlorate gave the zinc(II) complex in a moderate yield
(68 %).


To obtain information on the role played by the phenan-
throline unit in metal coordination, complex formation was


followed by UV spectral analy-
sis recorded in aqueous solu-
tions with an identical concen-
tration of L and ZnII at (298�
0.1) K. It has been reported
that a phenanthroline chromo-
phore usually shows two ab-
sorption peaks in the ultravio-
let region, and the UV spectra
of phenanthroline and its de-
rivatives have a great relation-
ship with their complexa-


Scheme 1. Synthetic scheme of the catalyst ZnL.
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tion.[21] As illustrated in Figure S4 (see the Supporting Infor-
mation), the ligand shows two absorption peaks at 232 (e=


50 967 mol�1 L cm�1) and 273 nm (e=33 177 mol�1 L cm�1),
respectively, which are assigned to absorptions of the phe-
nanthroline chromophore. In the presence of ZnACHTUNGTRENNUNG(ClO4)2, a
new broad peak of 300 nm appears, and the absorption in-
tensity at 232 nm obviously decreases (e from 50 967 to
45 509 mol�1 L cm�1) accompanying a slight violetshift.
Meanwhile, zinc(II)-ion coordination induces a 4 nm redshift
of the band at 277 nm over the uncomplexed ligand, which
slightly increases in absorbance (e from 32 050 to
33 766 mol�1 L cm�1). Since the solution of the ZnII ion does
not cause UV spectral changes, these spectrophotometric
data indicate that the phenanthroline group is involved in
metal coordination.


ESIMS spectrometry of ZnL is a more important method
for the investigation into the formation of complexation in
aqueous/MeOH solution. Figure 1 shows both the experi-
mental and calculated isotopic distribution for the peak at
m/z : 1268.31, which was assigned to [ZnL]2+ . This result in-
dicates that the complexation binding between the zinc ion
and L exists. To access the complexation, 1H NMR spectra
was used to investigate and to distinguish the difference
after L complexation. Some changes in the chemical shift of
the phenanthroline protons in ZnL were observed relative
to those in L (see Figure S5 in the Supporting Information):
the Ha, Hb, and Hc protons shifted downfield by approxi-
mately 0.32, 0.40, and 0.37 ppm, respectively, which indicat-
ed that a complex had formed between the L and zinc(II)
ion.


Formation and deprotonation constants of ZnL : The proto-
nation constants (Kn) of the ligand, their inclusion complex
formation constants (KML), and the deprotonation constant
(pKa) of the coordinated water molecule as well as species
distribution in solution were determined by pH potentio-


metric titration at I=0.10 m NaClO4 and (298�0.1) K. The
pH profiles of the titration curves, which include the distri-
bution curves of the ZnII species as a function of pH
(Figure 2), were analyzed by the Hyperquad program. The
calculated results are summarized in Table 1, which includes
data from the [Zn ACHTUNGTRENNUNG(pdma)] complex (pdma =N,N’-dimethyl-
1,10-phenanthroline-2,9-dimethanamines),[22] a simple ana-
logue of ZnL.


Figure 1. ESIMS spectra of ZnL. a) Full-range spectra. b) Bivalence ion isotope spectra determined by computer simulation. c) Detected bivalence ion
isotope spectra.


Figure 2. Distribution plots of species with ZnL (1.00 mm) as a function
of pH at 0.10 m NaClO4 and (298�0.1) K.


Table 1. Equilibrium constants of the ligand and its metal complex.


Chemical equilibrium Equilibrium constant
pdma[a] phenBisCD


H3L
3+ =H2L


2+ +H+ pK1 2.04 1.34�0.03
H2L


2+ =HL+ +H+ pK2 8.35 5.06�0.06
HL+ = L+H+ pK3 9.71 12.6�0.04
[Zn ACHTUNGTRENNUNG(H2O)6]


2+ +L = [ZnL ACHTUNGTRENNUNG(H2O)]2+ logKML 8.98 9.56�0.01
ACHTUNGTRENNUNG[ZnL ACHTUNGTRENNUNG(H2O)]2+ = [ZnL(OH)]+ +H+ pKa 8.64 8.18�0.04


[a] See reference [22], pdma =N,N’-dimethyl-1,10-phenanthroline-2,9-di-
methanamine.
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It is indicated in Figure 2 that five ZnII species, [ZnL]2+ ,
[ZnLH]3+ , [ZnLH2]


4+ , [ZnLH3]
5+ , and [ZnLH�1]


+ , corre-
sponding to Equations (1–5), respectively, are involved in
the complex formation at pH 2–11. Since the addition of
NaClO4 does not cause spectral changes, it was also con-
firmed that the remaining coordination sites of ZnII are oc-
cupied by one water molecule.[19]


Zn2þ þ L ¼ ½ZnL�2þ KZnL ð1Þ


Zn2þ þ LþHþ ¼ ½ZnLH�3þ KZnLH ð2Þ


Zn2þ þ Lþ 2Hþ ¼ ½ZnLH2�4þ KZnLH2 ð3Þ


Zn2þ þ Lþ 3 Hþ ¼ ½ZnLH3�5þ KZnLH3 ð4Þ


½ZnL�2þ ¼ ½ZnLH�1�þ þHþ Ka1 ð5Þ


It might be of interest to compare the complex formation
constants of ZnL with that of [Zn ACHTUNGTRENNUNG(pdma)] complex, which is
an analogue of ZnL. From the catalytic mechanism analysis
of [ZnACHTUNGTRENNUNG(pdma)] complex, it was found that three nitrogen
donors are involved in metal coordination. The formation
constant (logK) of ZnL is slightly higher than that of [Zn-
ACHTUNGTRENNUNG(pdma)] complex (9.56�0.01 for ZnL and 8.98 for [Zn-
ACHTUNGTRENNUNG(pdma)], respectively), which implies that all benzylic nitro-
gen donors in the ZnL are coordinated to the zinc ion. Fur-
thermore, a marked change is that the pKa of [ZnL ACHTUNGTRENNUNG(H2O)]2+


(8.18�0.04) is approximately 0.5 pH units lower than that
of [ZnACHTUNGTRENNUNG(pdma) ACHTUNGTRENNUNG(H2O)]2+ (8.64). This change is probably due
to the effect of both the hydrophobic environment around
the metal ion center and weak interactions after complexa-
tion, similar to those in carbonic anhydrase or alkaline phos-
phatase.[23]


Hydrolysis of carboxylic acid esters : To demonstrate the
effect of hydrophobic interactions on the catalytic activities
of ZnL, BNPC and NA were also selected as testing sub-
strates on the basis of their structural features. Studies into
the hydrolysis kinetics of BNPC and NA were performed in
a 10 % MeCN solution of Tris-HCl (50 mm, pH 7.01) at
(298�0.1) K (Figure 3). By means of spectrophotometrical
detection of product 4-nitrophenol at 400 nm (eobs =


8700 m
�1 cm�1),[24] the initial hydrolysis rates of BNPC


(50 mm) and NA (200 mm) in the presence of catalysts were
calculated (Table 2).


The measured initial rate of spontaneous cleavage of
BNPC (50 mm) is very slow (#control =2.45 ? 10�10


m s�1), which
is consistent with the value reported.[14] Almost no enhance-
ment in the hydrolysis rate was observed when only the zinc
ion was added to the substrate of BNPC or NA. However,
an enhancement was observed when L was added, which
was 312-fold higher than BNPC self-hydrolysis. A similar
observation has been recently reported in which a cyclodex-
trin dimer linked by tris(2-aminoethyl)amine showed a 150-
fold rate enhancement for BNPC hydrolysis.[25] Most inter-
estingly, under identical conditions, ZnL exhibits an abrupt
enhancement in the rate of BNPC hydrolysis, which is 2.61 ?


103-fold higher than BNPC self-hydrolysis. In the case of
NA, however, hydrolysis rates catalyzed by L and ZnL are
only 1.47- and 1.95-fold higher than that of the self-hydroly-
sis, respectively.


To fully assess the hydrolysis ability of ZnL for BNPC, a
detailed kinetic study was undertaken. Saturation kinetics
were observed (Figure 4) and thus kinetic parameters de-
duced from the Michaelis–Menten equation for the hydroly-
sis are listed in Table 3. Turnover numbers of kcat ((1.88�
0.20) ?10�1 s�1) were obtained for BNPC hydrolysis cata-
lyzed by ZnL. The value of kcat/kuncat was used to describe
the catalytic ability of hydrolase mimics, and it showed in
our case values up to 3.89 ? 104. However, for NA hydrolysis,
the value of kcat/kuncat was found to be 42.3, which is almost


Figure 3. Plots of absorbance versus time during BNPC (a) and NA hy-
drolysis (b) catalyzed by Zn ACHTUNGTRENNUNG(ClO4)2, L, and ZnL in a 10% MeCN solu-
tion of pH 7.01 Tris-HCl buffer with 0.10 m NaClO4 at (298�0.1) K ([cat-
alyst]=50 mm, [BNPC] =50 mm, [NA]=200 mm).


Table 2. Initial rate (v) for ester hydrolysis promoted by different cata-
lysts.


Catalyst[a] BNPC NA
v(10�9


m s�1) v/vcontr v(10�9
m s�1) v/vcontr


buffer (2.45�0.03) ? 10�1 1.00 3.17�0.10 1.00
ZnII (2.62�0.03) ? 10�1 1.07 3.33�0.17 1.05
L (7.65�0.20) ? 10 3.12 ? 102 4.67�0.3 1.47
ZnL (6.40�0.23) ? 102 2.61 ? 103 6.17�0.20 1.95


[a] Reaction conditions: 50 mm BNPC or 200 mm NA, 50 mm catalyst,
0.10 m NaClO4, 50 mm pH 7.01 Tris-HCl buffer, (298�0.1) K.
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three orders of magnitude lower than that of BNPC. Fur-
thermore, a much better catalytic efficiency kcat/Km was ob-
tained for BNPC hydrolysis (1.71? 103


m
�1 s�1) in contrast to


NA hydrolysis (4.77 ? 10�1
m
�1 s�1), which had about a 3.58 ?


103-fold higher activity than that of NA.
To further demonstrate the effect of pH value on catalytic


hydrolysis, the kinetic experiment with BNPC and NA was
performed at different concentrations of catalyst at pH 8.85
relative to neutral conditions.


v ¼ kin½substrate�
¼ ðkobs½ZnII complex�total þ kOH


�½OH�þÞ½substrate�
ð6Þ


On the basis of Equation 6, the observed second-order
rate constants (kobs) of ester hydrolysis can be calculated


from the slope of the straight line of the initial rate con-
stants (kin) versus [ZnL]total (Figure 5). Calculated kobs values
of BNPC and NA hydrolysis are 55.5 and 4.87 ? 10�2


m
�1 s�1


at pH 7.01, and 1.33 ? 103 and 0.39 m
�1 s�1 at pH 8.85, respec-


tively. Calculated kobs values of BNPC hydrolysis at pH 8.85
is about 20-fold higher than that of at pH 7.01, whereas NA
increases about 8-fold. More interestingly, the kobs value of
BNPC hydrolysis promoted by ZnL at pH 8.85 is 3.41 ?103-
fold higher than that of NA hydrolysis.


Hydrolysis of phosphate diester : BNPP is often used as a
DNA model compound in the investigation of phosphodies-
terase activity. The test was carried out in buffers to mimic
biological conditions. The initial phosphorylation rate in
aqueous solution at (308�0.1) K and pH 6.50–9.31 (50 mm


GoodLs buffer) was followed by the appearance of p-nitro-
phenolate at 400 nm.[26] Since the substrate concentration
was essentially constant during the measurement, the initial
first-order rate constant (kin, in= initial) of the total catalyst
was calculated as in Equation (7):[19]


v ¼ kin½BNPP� ¼ ðkBNPP½ZnL�total þ kOH�½OH��þÞ½BNPP� ð7Þ


Figure 4. Saturation kinetics of BNPC (a) and NA hydrolysis (b) cata-
lyzed by ZnL. Each reaction mixture contained ZnL (50 mm), Tris-HCl
buffer (50 mm pH 7.01) with 0.10 m NaClO4 at (298�0.1) K.


Table 3. Kinetic parameters for ester hydrolysis in the presence of ZnL
(50 mm) in a 10% MeCN solution of Tris-HCl buffer (50 mm pH 7.01) at
(298�0.1) K.


Substrate BNPC NA


kuncat. [s�1] (4.83�0.16) ? 10�6 (3.95�0.03) ? 10�6


kcat. [s�1] (1.88�0.20) ? 10�1 (1.67�0.33) ? 10�4


Km [mm] 0.11�0.02 0.35�0.03
kcat./Km [m�1 s�1] 1.71 ? 103 4.77 ? 10�1


kcat./kuncat. 3.89 ? 104 42.3


Figure 5. Dependence of the first-order rate constants for BNPC (a) and
NA hydrolysis (b) on different concentrations of ZnL in a 10 % MeCN
solution of 50 mm Tris-HCl buffer with 0.10 m NaClO4 at (298�0.1) K
([BNPC]=50 mm, [NA] =200 mm).
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in which v is the p-nitrophenolate releasing rate. At a given
pH value, the kin values were measured at different concen-
trations of catalyst. Figure 6 shows the effect of ZnL concen-


trations on the kin for the cleavage of BNPP at pH 8.85 and
(308�0.1) K. The rate of BNPP cleavage initially increases
linearly with the increase of ZnL concentration but gradual-
ly deviates from linearity. The calculated second-order rate
constant of BNPP hydrolysis catalyzed by ZnL, kBNPP, was
determined from the slope of the linear plot. Thus, the slope
of kin versus [ZnL]total from Equation (7) resulted in the
second-order rate constant (kBNPP). The dependence of the
second-order rate (kBNPP) on the pH for the BNPP
(1.00 mm) cleavage promoted by ZnL (0.10 mm) is illustrat-
ed in Figure 7. kBNPP increases sharply as the pH increases
from 7.50 to 8.85 and then slows at higher pH, displaying a
sigmoidal curve for the cleavage reaction. The result indi-
cates a kinetic process controlled by an acid/base equilibri-
um. The data were fitted by means of a Boltzman model,
which resulted in an inflection point at 8.11; this is almost
the same as the pKa value of the coordinated water mole-


cule deprotonation in [ZnL ACHTUNGTRENNUNG(H2O)]2+ obtained from the po-
tentiometric pH titration (Table 1). Therefore, one can con-
clude that the deprotonated [ZnL(OH)]+ ion is the only re-
active species of the catalytic system. Consequently, the cat-
alytic second-order rate constant kMOH of [ZnL(OH)]+ must
be expressed as in Equation (8):


kBNPP ¼
kMOH½ZnLðOHÞ�
½ZnL�total


¼ kMOHKa


½Hþ� þKa
ð8Þ


The kMOH and pKa values were found by curve-fitting
from Equation (8) to be 9.9 ? 10�4


m
�1 s�1 and 8.11 for


[ZnL(OH)]+ , respectively (R= 0.995).


Catalytic mechanism : The enhancement of the rate of hy-
drolysis of the carboxylic acid ester with pH increase is in
good agreement with the percentage of nucleophilic active
species [ZnL(OH)]+ . This result is in agreement with the
analysis of the kBNPP/pH profile in phosphate diester hydrol-
ysis.


Under identical conditions, the BNPC hydrolysis dramati-
cally increases, whereas NA hydrolysis increases only a
little. To the best of our knowledge, some catalytic groups
introduced into the primary side of monocyclodextrin can
enhance catalytic hydrolysis of the substrate owing to the
hydrophobic interactions between the mimics and sub-
strate.[3,27, 28] In addition, a cyclodextrin dimer bridged with
metallobipyridyl can effectively catalyze ester hydrolysis, in
which the substrate can be immobilized rightly near the
metal ion by the hydrophobic binding interaction between
the cavity of the cyclodextrin and substrate.[12] BNPC is a
kind of ditopic hydrophobic substrate and can aesthetically
bind into the two cavities of cyclodextrin,[14] However, such
binding hardly appears for NA because it has only one hy-
drophobic group. A cyclodextrin dimer can bind strongly to
such a ditopic substrate, which can occupy both cyclodextrin
cavities as a result of its size/shape,[29] and once the substrate
is split in half by the catalytic group, the monotopic hydro-
phobic product would easily leave because of weakened
binding.[10,12, 26]


To observe the role of cyclodextrin cavities on hydrolysis,
we prepared a BNPC analogue, di(p-tert-butylbenzyl) amine
(DBBA). The rate of catalytic hydrolysis of BNPC can be
dramatically decreased by 59 % in the presence of DBBA
(see Figure S9 in the Supporting Information), which indi-
cates that it is significantly inhibited by DBBA. Because the
p-tert-butyl group can strongly bind into the CD cavity by
hydrophobic interactions,[12, 17–19] DBBA occupied a position
in the BisCD cavity. As a result, BNPC cannot again bind
into the cavity to form the favorable conformation in which
BNPC is nicely near the zinc ion, which results in the inhibi-
tion of catalytic hydrolysis. To further confirm the above ob-
servation, the inclusion complexation of inhibitor DBBA
and ZnL was investigated by means of 2D NMR spectrosco-
py. In an observed 2D NMR spectrum (Figure 8), interac-
tions between the aryl protons of DBBA and the protons
inside of cyclodextrin were found, which indicated that
DBBA markedly inhibits the catalytic reaction of [ZnL].


Figure 6. Dependence of the initial first-order rate constants on the con-
centration of ZnL at pH 8.85 and (308�0.1) K (I=0.10 m NaClO4,
[BNPP] = 0.20 mm, [buffer] =50 mm).


Figure 7. The pH dependence of the second-order rate constants of
BNPP hydrolysis ([ZnL]=0.10 mm, [BNPP] =1.00 mm, [buffers]=50 mm,
I=0.10 m NaClO4, (308�0.1) K.
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These observations unambiguously demonstrated that hy-
drophobic interactions play an essential role in catalytic hy-
drolysis. In BNPP hydrolysis, the kMOH value is comparative-
ly higher than most other reported ZnII-based systems with
a similar pKa in the catalytic hydrolysis of BNPP.[30–33] Sur-
prisingly, the kMOH of [ZnL(OH)]+ is about 50-fold higher
than that of its a macrocyclic polyamine analogue, [Zn(O-
H)([12]aneN4)]+ ([12]aneN4 =1,4,7,10-tetraazacyclodode-
cane, kMOH =2.1 ? 10�5


m
�1 s�1),[34] and is even higher than


those of other reported binuclear complexes (Table 4).[35] It
is well-known that the p-nitrophenate group can bind into
the hydrophobic cavity of b-cyclodextrin,[36,37] and thus
BNPP with two ditopic groups of p-nitrophenole can strong-
ly bind into both cavities of some appropriate BisCDs.[38]


Therefore, the enhanced second-order rate constant should
be contributed to both the binding sites (two hydrophobic
cavities) and the catalytic site (metal ion and its coordinated
groups). The two hydrophobic cavities cooperatively bind
the substrate and juxtapose the ester functional group and
the catalytic metal ion.


To all appearances, the rate acceleration of diester hydrol-
ysis catalyzed by ZnL should be ascribed to the cooperative
binding action of two hydrophobic cavities and the zinc hy-
droxyl active species of metallophenanthroline complex. A
possible intermediate is suggested for ester hydrolysis in
Scheme 2.


Conclusion


A novel cyclodextrin dimer has been prepared as a catalytic
precursor. Its zinc complex has been successfully synthesized
and fully characterized, and thus demonstrated as a potent
catalyst of diester hydrolysis. The hydrophobic interactions
between catalyst and substrate play an important role in the
catalytic hydrolysis. Therefore, such a stable supramolecular
complex is a promising model compound for mononuclear
metallohydrolase and has potential in the development of
an effective model for metalloenzymes.


Figure 8. COSY spectrum of the inclusion complexation of ZnL and in-
hibitor DBBA.


Table 4. The second-order rate constants kMOH of BNPP hydrolysis pro-
moted by ZnII complex at (308�0.1) K.[a]


Species kMOH [m�1 s�1] pKa Ref.


[Zn(OH)([12]aneN4)]+ 2.1 ? 10�5 7.9 [34]
[Zn(OH) ACHTUNGTRENNUNG(mecyclen)]+ 5.2 ? 10�6 7.68 [35]
[Zn(OH)([15]aneN3O2)]+ 1.31 ? 10�5 8.8 [31]
[Zn(L)(OH)]+ 9.9 ? 10�4 8.18 this work
ACHTUNGTRENNUNG[Zn2ACHTUNGTRENNUNG(bmxd)(OH)]+ 5.6 ? 10�6 6.94 [32]
ACHTUNGTRENNUNG[Zn2(OH)2{([9]aneN3)2-phen}]2+ 6.9 ? 10�5 10.7 [33]


[a] [12]aneN4 =1,4,7,10-tetraazacyclododecane, mecyclen=N-methyl-
1,4,7,10-tetraazacyclododecane, [15]aneN3O2 =1,4-dioxa-7,10,13-triazacy-
clopentadecane, bmxd =3,6,9,17,20,23-hexaazatricyclotriaconta-
1,11,13,15,25,27-hexaene, and ([9]aneN3)2-phen =1,10-phenanthroline-2,9-
(1,4,7-triazacyclododecane).


Scheme 2. Suggested intermediates for ester hydrolysis catalyzed by ZnL.
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Experimental Section


Materials : NA, BNPC, 4-tert-butylbenzyl amine, and p-tertbutyl benzal-
dehyde were purchased from Aldrich. b-CD of reagent grade was recrys-
tallized twice from H2O and dried in vacuo for 12 h at 373 K, DMF was
dried over CaH2 for 2 days and then distilled under reduced pressure
prior to use. Common organic reagents were reagent grade and redistil-
led before use. Water used in all physical measurement experiments was
Milli-Q grade. The materials of 6-monodeoxy-6-monoamino-b-cyclodex-
trin were prepared from 6-monodeoxy-6-monoazido-b-cyclodextrin ac-
cording to a previous procedure reported by Jicsinszky et al. , with a
minor modification,[39] whereas 6-mono(p-toluenesulfonyl)-b-cyclodextrin
was prepared in dry pyridine solution rather than aqueous solution.[40]


1,10-phenanthroline-2,9-dicarbaldehyde was obtained according to the lit-
erature procedure.[41] All compounds were confirmed by their elemental
analyses, ESIMS, and 1H NMR spectra.


General methods : 1H NMR spectra were recorded on a Varian INOVA-
300NB or Mercury plus 300 spectrometers. IR spectra were recorded on
a Brucker FTIR EQUINOX 55 spectrometer. Elemental contents were
analyzed by a Perkin–Elemer 240 elemental analyzer. ESIMS spectra
were performed on a Thremo LCQ-DECA-XP spectrometer. UV/Vis
spectra were monitored with a Varian Cary 300 UV/Vis spectrophotome-
ter equipped with a temperature controller (�0.1 K).


1,10-Phenanthroline-2,9-bis(6-ammoniomethyl-b-cyclodextrin) (L): A so-
lution of 1,10-phenanthroline-2,9-dicarboxaldehyde (0.249 g, 1.056 mmol)
in dry DMF (5 mL) was added dropwise to a solution of 6-monodeoxy-6-
monoamino-b-cyclodextrin (2.395 g, 2.112 mmol) in dry DMF and anhy-
drous MeOH (v/v 2:1) with vigorous stirring. The mixture was then
heated to 353 K for 6 h under nitrogen gas. After this time, the reaction
was cooled to room temperature, then a slight excess of NaBH4 (0.096 g,
2.543 mmol) was added to reduce the imine over a period of 2 h. The
mixture was then washed with water and filtered. The filtrate was evapo-
rated to dryness under a reduced pressure, and the resulting residue was
dissolved in a small amount of hot water, and the aqueous solution was
poured into acetone (200 mL) to give a light-yellow precipitate. The
crude product obtained was dried and purified by column chromatogra-
phy over Sephadex G-25 with distilled deionized water as the eluent to
give the pure compound in 32 % yield. UV/Vis (H2O): lmax (e)=273
(33 177), 232 nm (50 967 mol�1 Lcm�1); 1H NMR (300 MHz, DMSO): d=


8.41 (d, 3J ACHTUNGTRENNUNG(H,H) = 8.2 Hz, 2H; phen-H-4,7), 7.89 (s, 2H; phen-H-5,6),
7.84 (d, 3J ACHTUNGTRENNUNG(H,H) =8.2 Hz, 2H; phen-H-3,8), 5.68–5.72 (m, 28H; OH-2,3),
4.88–4.82 (m, 14 H; H-1), 4.45 (m, 12H; OH-6), 4.22–3.57 (m, 60H; H-
3,5,6, phen-CH2), 3.36–2.72 (m, 28 H; H-2,4, overlaps with H2O),
2.10 ppm (br s, 2H; NH); IR (KBr): ñ =3382, 2927, 1624, 1595, 1503,
1421, 1369, 1157, 1081, 1029, 943, 858, 756, 707, 578 cm�1; MS (ESI,
H2O): m/z : calcd: 1236.4 [M+2H]2+ , 1247.4 [M+Na+H]2+ ; found:
1236.6, 1247.7; elemental analysis calcd (%) for C98H150N4O68·14 H2O: C
43.20, H 6.59, N 2.06; found: C 43.04, H 6.58, N 2.06.


Zinc complex (ZnL): A solution of phenBisCD (0.100 g, 0.040 mmol) in
water (5 mL) was added dropwise to a dilute aqueous solution of a slight
excess of Zn ACHTUNGTRENNUNG(ClO4)2·6 H2O (0.016 g, 0.044 mmol) with magnetic stirring at
room temperature. The resultant solution was kept stirring for 2 h, and
then the solution was evaporated under reduced pressure. The precipitate
formed was collected by filtration, washed successively with a small
amount of ethanol and diethyl ether, and then dried in vacuo to give the
pure complex as a pale-yellow solid in 68% yield. UV/Vis (H2O): lmax


(e): ñ =277 (33 766), 230 nm (45 743 mol�1 L cm�1); MS (ESI, H2O): m/z :
calcd: 1268.38 [M]2+ ; found: 1268.31; elemental analysis calcd (%) for
C98H150N4O68·ZnACHTUNGTRENNUNG(ClO4)2·14 H2O: C 39.38, H 6.00, N 1.87; found: C 39.45,
H 6.35, N 1.52.


Di(p-tert-butylbenzyl) amine (DBBA): p-tert-Butyl benzaldehyde
(1.76 mL, 10 mmol) in absolute ethanol (5 mL) was added dropwise to a
stirred solution of 4-tert-butylbenzyl amine (1 mL, 6 mmol) in absolute
ethanol (5 mL) in an ice bath. After 4 h, the solution was cooled to 273 K
and sodium borohydride (0.45 g, 12 mmol) was added in small portions.
After the reaction had been stirred for 12 h at room temperature, aque-
ous HCl (5 mL, 2m) was added slowly and the mixture was stirred for
1 h. An aqueous solution of sodium hydroxide (2 m) was then added until


a pH of 11 was reached. The mixture was extracted with methylene chlo-
ride, dried over sodium sulfate, filtered, and acidified with concentrated
HCl. After evaporation of the solvents, the oil product was dissolved in
ethanol (95 %), acidified with concentrated HCl to pH 3, and the vola-
tiles removed. The crude product obtained was recrystallized from an
ethanol/acetone mixture and afforded pure DBBA (HCl salt) in 52 %
yield. 1H NMR (300 MHz, CDCl3): d =10.01 (br s, 1H; NH), 7.44 (d, 3J-
ACHTUNGTRENNUNG(H,H) =7.7 Hz, 4 H; phenyl-H-1,1’), 7.33 (d, 3J ACHTUNGTRENNUNG(H,H) =7.7 Hz, 4 H;
phenyl-H-2, 2’), 3.79 (s, 4 H; benzyl-3,3’), 1.21 ppm (s, 18H; tert-butyl-H);
MS (ESI, MeOH): m/z : calcd: 310.3 [M+H]+ ; found: 310.0; elemental
analysis calcd (%) for C22H31N·HCl·0.5 H2O: C 74.44, H 9.37, N 3.95;
found: C 74.29, H 9.27, N 3.74.


Caution : Perchlorate salts of organic compounds are potentially explosive;
these compounds must be prepared and handled with great care!


Potentiometric pH titration : An automatic titrator (Metrohm 702GPD
Titrino) coupled to a Metrohm electrode was used and calibrated accord-
ing to the Gran method.[42] The electrode system was calibrated with buf-
fers and checked by titration of HClO4 with NaOH solution (0.10 m). The
thermostated cell contained 25 mL of 1.00 mm species in aqueous solu-
tions with the ionic strength maintained at 0.10 m by sodium perchlorate.
All titrations were carried out in the aqueous solutions under nitrogen at
(298�0.1) K, and initiated by adding fixed volumes of 0.10 m standard
NaOH in small increments to the titrated solution. Duplicate measure-
ments were performed, for which the experimental error was below 1%.
The titration data were fitted from the raw data with the Hyperquad
2000 program to calculate the ligand protonation constants Kn, the com-
plex formation constant KML, and the deprotonation constants of the co-
ordinated water pKa.


Kinetics of BNPC and NA hydrolysis : The hydrolysis rate of BNPC and
NA in the presence of ZnL complex was measured by an initial slope
method following the increase in the 400 nm absorption of the released
4-nitrophenolate.[14, 25] The reaction solution was maintained at (298�
0.1) K. Tris-HCl (pH 7.01, 8.85) buffers were used (50 mm), and the ionic
strength was adjusted to 0.10 with NaClO4. In a typical experiment, after
substrate (NA or BNPC) and ZnL complex in 10% (v/v) CH3CN solu-
tion at an appropriate pH were mixed, the UV absorption decay was re-
corded immediately and was followed generally until 2 % decay of 4-ni-
trophenyl acetate. Errors on kobs values were about 5%.


Kinetics of BNPP hydrolysis : The rate of hydrolysis of BNPP to give
mono(4-nitrophenyl) phosphate and p-nitrophenolate was measured by
an initial slope method following the increase in the 400 nm absorption
of the released p-nitrophenolate in aqueous solution at (308�0.1) K.[26]


At this wavelength, the absorbance of the ester substrate was negligible.
MES (pH 6.00–6.60), MOPS (pH 6.60.-7.40), HEPES (pH 7.40–8.20),
TAPS (pH 8.20–8.90), and CHES (pH 8.90–9.50) buffers were used
(50 mm), and the ionic strength was adjusted to 0.10 with NaClO4. The
pH of the solution was measured after each run, and all kinetic runs with
pH variation larger than 0.1 were excluded. The substrate BNPP, buffers,
and ZnL in aqueous solution were prepared freshly. The reactions were
initiated by injecting a small amount of BNPP into the buffer solutions
of ZnL and followed by fully mixing at (308�0.1) K. The visible absorp-
tion increase was recorded immediately and was followed generally until
2% formation of p-nitrophenolate, in which e values for 4-nitrophenolate
were 4069 (pH=6.5), 9610 (pH=7.08), 13745 (pH =7.50), 15788 (pH=


7.79), 16 163 (pH=7.86), 16943 (pH=8.04), 17 600 (pH=8.26), 18079
(pH=8.52), 18512 (pH=9.05), and 18569 (pH=9.31) at 400 nm. The ini-
tial first-order rate constants, kin (s�1), for the cleavage of BNPP were ob-
tained directly from a plot of the 4-nitrophenolate concentration versus
time by the method of initial rates, which was linear with R>0.996. The
second-order rate constants (kBNPP) for the catalyzed reactions were de-
termined as the slope of the linear plots of kin versus ZnL concentration.
To correct for the spontaneous cleavage of BNPP, each reaction was mea-
sured against a reference cell that was identical to the sample cell in com-
position except for the absence of ZnL. Errors on kBNPP values were
about 5%.
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Introduction


Design, synthesis, and characterization of highly specific ar-
tificial receptors are among the main tasks of supramolec-
ular chemistry.[1–4] Among other hosts, cyclodextrins (CDs),
which are 1!4 a-linked cyclic oligomers of anhydrogluco-
pyranose, have attracted particular interest since they are
readily available and soluble in aqueous media.[5] All CDs
have an internal cavity that is mainly hydrophobic and
allows the binding of hydrophobic guest molecules. A large
number of hydrophobic or amphiphilic guests can be com-
plexed inside this cavity; indeed, binding data are available
for numerous host–guest complexes, known as inclusion
compounds, involving CDs.[6] Inclusion of guests in CDs and
CD derivatives facilitates many applications,[7–10] such as sol-
ubilization[11] and targeting of pharmaceuticals,[12–14] disper-


sion of cosmetics,[15] catalysis,[16] and chromatographic sepa-
rations.[17,18]


The driving forces for the formation of CD inclusion com-
pounds are mainly nondirectional interactions such as hy-
drophobic and van der Waals interactions.[19,20] The domi-
nance of solvatophobic interactions is evident in the fact
that the inclusion of guests in CDs occurs preferentially in
aqueous solution. The addition of small amounts of organic
solvents to aqueous solutions is enough to render inclusion
compounds significantly less stable.[19] The magnitude of hy-
drophobic interactions is determined mainly by the hydro-
phobic surface area of the guest. Binding free energies DG8
of b-CD inclusion compounds involving several homologous
series of guests become more negative by 2.8�0.6 kJmol�1


per methylene group.[6,21] We investigated the influence of
para substituents at benzoic acid on the stabilities of b-CD
inclusion compounds and found that binding free energy
DG8 decreased significantly from �6.9 kJmol�1 for benzoic
acid to �24.3 kJmol�1 for p-tert-butylbenzoic acid, that is,
4.3 kJmol�1 per C atom.[22] Thus, a benzene ring alone
seems to be too small to fill the b-CD cavity. The additional
tert-butyl group elongates the hydrophobic part of the guest
and makes it large enough to fill the b-CD cavity complete-
ly.


Additional polar groups must be attached to the CD ring
to improve binding selectivity. A great variety of CD deriva-
tives carrying one or more substituents at the primary or
secondary positions has been synthesized.[23] Many of these
CD derivatives showed improved molecular recognition. For


Abstract: Inclusion compounds of cat-
ionic, anionic, and neutral p-substituted
derivatives of tert-butylbenzene com-
plexed in b-cyclodextrin and its ionic 6-
mono and 6-hepta derivatives were sys-
tematically investigated by isothermal
titration calorimetry (ITC). All inclu-
sion compounds showed 1:1 stoichiom-
etry with binding constants ranging
from 10 to 38106


m
�1. The binding free


energies could be subdivided into
apolar and electrostatic contributions.
The electrostatic interactions could be
quantitatively described by Coulomb9s


law by taking into account the degree
of protonation of hosts and guests, the
orientations of the guests within the
hosts, and ion shielding as described by
the Debye–H;ckel–Onsager theory.
The orientations of the guests within
the cyclodextrin cavities were deter-
mined by ROESY NMR spectroscopy.
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example, 6-monoamino-b-CD and 6-O-carboxymethyl-b-CD
show stronger chiral selectivity for amino acids than native
b-CD.[24–27] Disubstituted b-CD derivatives performed even
better.[28] The “three-point rule” states that at least three di-
rected interactions between host and guests are prerequi-
sites for noticeable chiral discrimination.[29] In addition,
hepta-6-,[24] hepta-2,3-di-,[30] hepta-2,6-di-,[31] and hepta-2,3,6-
trisubstituted[32–34] b-CD derivatives have been synthesized.
In particular, hepta-6-S-6-deoxy-b-CD derivatives,[35–38]


which are readily synthesized from heptakis-6-iodo-6-deoxy-
b-CD and functional thiols, show interesting binding proper-
ties. They can form supramolecular structures including mo-
lecular capsules[39,40] and nanotubes.[31] Recently, we demon-
strated the superior binding properties of hepta-6-S-6-
deoxy-b-CD derivatives towards the drug camptothecin,
which is used for cancer treatment.[38]


The contribution of Coulomb interactions to the binding
of charged drug molecules by statistically substituted sulfo-
butyl ether b-CD derivatives has already been demonstrat-
ed.[41] Although extensive binding data are available on
these and other b-CD derivatives, a quantitative understand-
ing of specific interactions between charged hosts and guests
is still lacking.[6,27,42] This understanding is very important
for the design of highly selective artificial receptor mole-
cules.[43, 44]


We have now investigated the molecular recognition of
cationic, anionic, and neutral
tert-butylbenzene derivatives by
a series of 13 charged mono-6-
and hepta-6-substituted b-CD
derivatives. The tert-butylphen-
yl group was chosen because of
its high binding affinity towards
the b-CD cavity.[22] For a quan-
titative description of the host–
guest systems we collected a
broad array of binding data, in
addition to data on the proto-
nation equilibria of hosts and
guests and data on the orienta-
tions of the guests within the
hosts. These data allowed us to
distinguish between apolar
binding, due to hydrophobic
and van der Waals interactions
within the cavity, and electro-
static interactions between
functional groups on host and
guest.


Results


Synthesis of hosts and guests :
Monosubstituted derivatives 2–
6 of b-CD (1) were synthesized
by nucleophilic displacement


reactions starting from 6-O-tosyl-b-CD[45] (Scheme 1). 6-
Amino-6-deoxy-b-CD (2) was synthesized via 6-azido-6-
deoxy-b-CD.[46] Reactions of 6-O-tosyl-b-CD with 2-amino-
ACHTUNGTRENNUNGethanethiol and 2-mercaptoacetic acid yielded mono-[6-
deoxy-6-(2-aminoethylsulfanyl)]-b-CD (4) and mono-[6-
deoxy-6-(2-sulfanyl acetic acid)]-b-CD (6), as described re-
cently.[38]


In addition, both amino derivatives 2 and 4 were convert-
ed to the corresponding guanidinium salts 3 and 5 by reac-
tion with 1H-pyrazole-1-carboxamidine hydrochloride, in
analogy to a published procedure.[47,48] Analogous cationic
(7, 8), anionic (9–13), and neutral (14) heptasubstituted b-
CD derivatives were synthesized by nucleophilic displace-
ment reactions of heptakis(6-iodo-6-deoxy)-b-CD with NaN3


followed by Staudinger reduction,[49] and with functional
thiols or thiosulfate (Scheme 2) by a previously described
procedure.[38] We were unable to completely convert hepta-
ACHTUNGTRENNUNGamino compounds 7 and 8 to the corresponding heptaguani-
dinium compounds.[48] For the synthesis of cationic guests
(Scheme 3), 4-tert-butyl-aniline was protonated with HCl to
give 15, which was converted by reaction with 1H-pyrazole-
1-carboxamidine hydrochloride to guanidinium derivative
16, and by reaction with methyl iodide to trimethylammoni-
um iodide 18. Anionic sulfonate 20 was obtained by sulfona-
tion of tert-butylbenzene, and neutral N-oxide 19 was syn-


Scheme 1. Synthesis of mono substituted b-CD derivatives. a) TosCl, NaOH, ACN/H2O; b) NaN3, H2O;
c) PPh3, DMF, NEt3; d) 1H-pyrazole-1-carboxamidine hydrochloride, DMF; e) 2-aminoethanthiol, NH4HCO3,
DMF/H2O; f) 1. methyl ester of 2-mercaptoacetic acid, NEt3, DMF; 2. NaOH.
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thesized by H2O2 oxidation of commercially available terti-
ary amine 17.


The protonation constants of polyamines 7 and 8, poly-
carboxylates 9 and 11, and amine oxide 19 were determined
in aqueous solution by potentiometric titration. The pKa


values are listed in Table 1, and a representative species dis-
tribution diagram for polyamine 7 is shown in Figure 1.
From these distribution curves the net charge numbers of a
host zh or guest zg were calculated for our standard pH of
6.8 by summation of the contributions of the relevant
charged species. The charge numbers zh are listed in Table 4
below. Interestingly, host 7 is not fully protonated at pH 6.8.
The low charge number of zh=6.2 was attributed to Cou-
lomb repulsion between adjacent cationic ammonium


groups of host 7, which leads to
significant decay of pKa values
with increasing degree of proto-
nation. This repulsive effect is
less pronounced for host 8,
since the cationic groups are
farther apart from each other
due to the SCH2CH2 spacers.
Guest 19 is neutral at pH 6.8
and cationic at pH 3.0.


Determination of binding ther-
modynamics between hosts and
guests : Since all hosts 1–14,
guests 15–21, and their inclu-
sion compounds are extremely
soluble in water, isothermal ti-
tration microcalorimetry was
used to determine all thermo-
dynamic binding parameters.
Titrations were performed
under standard conditions, nor-
mally at pH 6.8 with 50 mm


buffer. Hosts 7 and 8 with
seven amino groups were titrat-
ed with charged guests 16 and
20 under acidic conditions
(pH 3.0) to force complete pro-
tonation of all amino groups.
All titration curves were in
good agreement with a 1:1 stoi-
chiometry of host/guest in the
inclusion compounds. Binding
constants K, molar binding free
energies DG8, and molar bind-
ing enthalpies DH8 (Tables 2
and 3) were obtained by nonlin-
ear regression of the titration
curves. Although the hydropho-
bic parts of all guests 15–21 are
the same, binding constants
varied over five orders of mag-
nitude, from 20 to 38


106 Lmol�1. In each case, conditions for the measurement
were optimized to achieve maximum accuracy. The DG8
values showed only a slight dependence on pH for those
cases in which the protonation states of host and guest were


Scheme 2. Synthesis of heptasubstituted CD derivatives. a) 1. PPh3, I2, DMF; 2. CH3ONa, CH3OH; b) 1. NaN3,
DMF; 2. PPh3/DMF, NH3 or Raney Ni/H2/H2O; c) 2-aminoethanethiol, NH4HCO3, DMF/H2O; d) 1. methyl
ester of 2-mercaptoacetic acid, NEt3, DMF; 2. NaOH; e) 1. methyl ester of 2-mercaptopropanoic acid, NEt3,
DMF; 2. NaOH; f) 1. methyl ester of 2-mercaptoacetic acid, NEt3, DMF; 2. NaOH; g) 1. 2-mercaptoethanesul-
fonate, NEt3, DMSO; 2. NaOH; h) 1. Na2S2O3, NEt3, DMSO; 2. NaOH. i) 3-mercaptopropane-1,2-diol, NEt3,
DMF.


Scheme 3. Amphiphilic guests for b-CD and its derivatives.


Table 1. pKa values derived from potentiometric titration.


Compound pKa
[a]


7 9.50(1), 8.89(1), 8.33(1), 8.07(1), 7.57(1), 7.35(1), 6.75(1)
8 9.99(1), 9.45(1), 9.05(1), 8.72(1), 8.32(1), 7.96(1), 7.37(1)
9 6.10(2), 5.32(2), 4.91(3), 4.37(3), 4.04(3), 3.50(2), 3.01(2)
11 6.49(1), 5.69(1), 5.25(1), 4.75(1), 4.31(1), 3.78(1), <3
19 4.30(1)


[a] pKa,i (=�logKa,i, Ka,i= [Hn�iL]8 [H]8[Hn�i+1L]�1, 25.0 8C, 0.10m KCl).
Uncertainties (3s) are given in parentheses.
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not influenced by pH. The DG8 values of the inclusion com-
plex of tert-butylbenzenesulfonic acid 20 and 1 were the
same for pH 6.8 and pH 3. On the other hand, when the
protonation state of the guest was influenced by pH, DG8
varied considerably with pH. tert-Butyl-N,N-dimethylaniline


N-oxide 19 (pKa=4.3) showed a significantly higher com-
plex stability at pH 6.8 than at pH 3: DG8=�22.27 kJmol�1


versus �21.06 kJmol�1, respectively (Table 2). This reflects
the fact that it changes from neutral at pH 6.8 to cationic at
pH 3.


Influence of the functional groups on guests 15–21 on bind-
ing free energy DG8 : Although native b-CD 1 is uncharged,
it can recognize the charge of a guest, as shown in Table 2
and Figure 2. The binding free energies of the anionic guests


21 (DG8=�24.03 kJmol�1) and 20 (DG8 �23.19 kJmol�1)
were more negative than those of cationic guests 16 (DG8
�21.71 kJmol�1) and 15 (�22.03 kJmol�1), even though the
strength of hydrophobic interactions between host and guest
should be very similar in both cases. The value of the bind-
ing free energy of neutral guest 19 in host 1 fell in the
middle of the range between the values of the cationic and
anionic guests.


Charge recognition was even more pronounced for cation-
ic b-CD derivative 2, as shown in Table 2. Again, all cationic
guests 15–18 showed similar binding free energies for host 2.
The DG8 values of the anionic guests 21 and 20 were similar
as well, but much more negative (by DDG8~4 kJmol�1)
than the values for the cationic guests. Since the DG8 values
were rather similar for various guests of the same charge,
further ITC measurements were performed with three rep-
resentative guests rather than the entire panel. Because of
their greater solubility in water, guests 16, 19, and 20 with
guanidinium, amine N-oxide and sulfonate groups, respec-
tively, were chosen as cationic, neutral, and anionic refer-
ence compounds for investigation of polar interactions be-
tween hosts and guests (see Table 3). The DG8 values of the


Table 2. Molar binding free energies DG8 for the inclusion of various
guests in b-CD 1 and in 6-amino-6-deoxy-b-CD 2 as determined by ITC
at T=25 8C.


Guest pH DG8 [kJmol�1] in host 1 DG8 [kJmol�1] in host 2


15 3.0 �22.03�0.03 �19.29�0.05
16 6.8 �21.71�0.03 �19.75�0.04
17 3.0 �22.08�0.04 �19.30�0.20
18 6.8 �22.25�0.03 �20.11�0.05
19 6.8 �22.27�0.04 �19.92�0.03
19 3.0 �21.06�0.02 �18.64�0.02
20 6.8 �23.19�0.03 �22.99�0.02
20 3.0 �23.12�0.05 �23.25�0.11
21 6.8 �24.03�0.07 �23.41�0.15


Table 3. Molar binding free energies DG8 for the inclusion of cationic
guest 16, anionic guest 20, and neutral guest 19 in various CD derivatives,
as determined by ITC at T=25 8C.


Host pH DG8
ACHTUNGTRENNUNG[kJmol�1]
with guest 16


DG8
ACHTUNGTRENNUNG[kJmol�1]
with guest 20


DG88
ACHTUNGTRENNUNG[kJmol�1]
with guest 19


1 6.8 �21.71�0.03 �23.19�0.03 �22.27�0.04
2 6.8 �19.75�0.04 �19.4�0.04 �19.92�0.04
3 6.8 �20.80�0.03 �24.34�0.03 �21.21�0.04
4 6.8 �22.30�0.03 �24.86�0.05 �22.28�0.05
5 6.8 �22.60�0.12 �24.42�0.02 �22.61�0.05
6 6.8 �23.05�0.05 �22.23�0.13 �22.36�0.04
7 3.0 �8.93�0.08 �22.55�0.06 �10.66�0.17
8 3.0 �23.10�0.04 �37.27�0.23 �25.57�0.09
9 6.8 �34.57�0.24 �21.65�0.05 �25.61�0.04
10 6.8 �32.39�0.24 �20.17�0.03 �23.23�0.03
11 6.8 �32.73�0.08 �21.68�0.04 �24.60�0.09
12 6.8 �32.89�0.21 �21.00�0.07 �25.61�0.04
13 6.8 �26.10�0.08 �14.86�0.06 �18.40�0.11
14 6.8 �26.57�0.05 �25.00�0.03 �25.61�0.07


Figure 1. Distribution of protonated species for host 7 (L) as a function
of pH, as determined by potentiometric titration. Calculations were car-
ried out with the deprotonation constants listed in Table 1.


Figure 2. Molar binding free energies for b-CD (light gray) 1 and mono-
6-amino-b-CD 2 (dark gray) for various guest molecules 15–21; pH
values as specified in Table 2.
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charged guests 16 and 20 have a much broader range (�9 to
�37 kJmol�1) than those of neutral guest 19 (�11 to
�26 kJmol�1).


Influence of functional groups on hosts 1–14 on apolar bind-
ing : The binding free energies DG88 for neutral guest 19 at
pH 6.8 was mainly attributed to apolar binding due to hy-
drophobic and van der Waals interactions between the guest
and the b-CD cavity. Apolar binding free energies DG88 of
hosts 1–14 are summarized in Table 3. Heptakis-6-deoxy-6-
thioether derivatives 8–12 and 14 showed the highest DG88
values of around �25 kJmol�1, followed by mono thioethers
4–6 (DG88��22 kJmol�1), which have values close to that
of native b-CD (DG88=�22.3 kJmol�1). Much smaller
values were observed for the mono-6-deoxy-6-ammonium 2
and mono-6-deoxy-6-guanidinium derivatives 3 (DG88�
�21 kJmol�1), and especially for hepta-6-deoxy-6-amino de-
rivative 7 (DG88 ��11 kJmol�1). These different binding
free energies can be correlated with the hydrophobicity of
the atoms attached to the C-6 positions on the b-CD scaf-
fold of the hosts. The atomic increments for the calculation
of logP values (where P is the octanol/water partition coef-
ficient) were taken as measures of these hydrophobicities:
OH, �1.4; S, �0.4; NH3


+ , �4.6.[50, 51] They clearly reflect the
greater hydrophobicity of the sulfur linker and the much
lower hydrophobicity of the ammonium group compared to
the hydroxyl group. The influence of hydrophilic end groups
on the host seems to level off with increasing spacer length,
since binding free energies of derivatives 8, 11, 12, and 14
with C2 spacers are very similar despite their different end
groups. Consequently, only atoms close to the hydrophobic
part of the guest contribute to apolar binding.


Quantification of electrostatic interactions between func-
tional groups : Binding data for charged guests 16 and 20
with various hosts 1–14 (see Table 3) were collected to in-
vestigate electrostatic interactions. Binding constants and
binding free energies are strongly dependent on the combi-
nation of functional groups on host and guest. For example,
the binding constant K of cationic guest 16 in cationic host 7
is as low as 21m


�1, while that of anionic guest 20 in cationic
host 8 is as high as 3.68106


m
�1, close to binding constants of


natural receptors.[4]


For a more detailed data analysis, electrostatic interac-
tions DDG8 were estimated for all hosts 1–14 from the dif-
ferences between the binding free energies of the charged
guests (16, 20) and the binding free energy of neutral guest
19 according to Equation (1); they are summarized in
Table 4. Both attractive interactions (negative values) and
repulsive interactions (positive values) were found. Neither
interaction was symmetrical. For each host, for example, 9,
the attractive interaction with DDG8=�8.96 had a higher
absolute value than the repulsive interaction with DDG8=


3.96. This finding may be explained by the fact that the ori-
entation of the guest inside the CD cavity is influenced by
interactions of functional groups. The guest may avoid re-
pulsive forces and orient its functional group towards the


secondary rim of b-CD. As a result, the increased distance
between the charged groups reduces the electrostatic repul-
sion energy. Measurements of the NOE were performed to
test this hypothesis.


DDG� ¼ DG��DG�� ð1Þ


Influence of functional groups on hosts 1–14 on the orienta-
tion of the guest molecules : The orientation of the guest
molecules in the CD host were determined by ROESY
NMR spectroscopy. In all cases, strong ROESY cross-peaks
were observed between the internal protons of the b-CD
scaffold (H-3, H-5, H-6) and the two aromatic protons of
guests 15–21, that is, the hydrophobic portion of all guests
was completely included within the CD host, except for in-
clusion compound 7·15. Assignments of the NMR signals of
the inclusion compounds of monosubstituted b-CD deriva-
tives 2–6 were difficult in many cases because of the com-
plexity of the host spectra caused by the missing C7 symme-
try. In the case of the cationic guest 15 in b-CD, the signals
of H-3 and H-5 overlapped because they were shifted due to
complexation; as a result, it was impossible to determine the
molecular orientation. However, unambiguous results were
obtained for homologous guest 15a, which should be similar
to guest 15.


The relative ROESY intensities of six inclusion com-
pounds as measures of the interatomic distances are shown
in Figure 3. The orientation of a guest was defined on the
basis of the ROESY intensities between outer protons H-6
and H-3 of the host and the outer protons of the guest, H-
tert-butyl, and the protons ortho to the functional group, H-
o. As a convention, the CD cone was always depicted with
the primary side up to facilitate comparison of the guest ori-
entations. If the functional group of the guest was pointing
towards the primary side of CD, it was said to be oriented
upwards, and downwards in the opposite case. Upward ori-
entations were found for inclusion compounds 1·20, 4·20,


Table 4. Selectivities of hosts 1–14 as a function of spacer distance r and
net charge zh.


Host DDG8
ACHTUNGTRENNUNG[kJmol�1][a]


with guest 16


DDG8
ACHTUNGTRENNUNG[kJmol�1][a]


with guest 20


rS
[nm][b]


zh
[c]


1 �0.92 0.56 – 0
2 �3.07 0.17 0.147 1
3 �3.13 0.42 0.250 1
4 �2.58 0.00 0.544 1
5 �1.82 0.00 0.657 1
6 �0.69 0.13 0.537 �1
7 �11.89 1.73 0.233 6.2
8 �11.70 2.47 0.544 6.8
9 �8.96 3.96 0.537 �6.8
10 �9.17 3.06 0.537 �7
11 �8.14 2.92 0.663 �6.6
12 �7.28 4.62 0.716 �7
13 �7.70 3.54 0.459 �7
14 �0.96 0.62 – 0


[a] Contributions of electrostatic interactions to binding free energy.
[b] Spacer length. [c] Charge of the host.
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7·20, and downward orientations were determined for 1·15a,
12·20, and 7·15. These findings clearly support our previous
hypothesis that attractive interactions lead to upward orien-
tation and repulsive ones to downward orientations.


Dependence of apolar binding and electrostatic interactions
on salt concentration : To provide an additional test of our
approach of dividing binding free energy into apolar binding
and electrostatic interactions, we investigated the effect of
salt. Differential salt effects on the two types of binding are
conceivable: apolar binding could be strengthened by an in-
crease in salt concentration, while electrostatic interactions
should level off. Indeed, these contrasting effects have been
reported in investigations of the effect of salt on the binding
behavior of statistical b-CD sulfonates.[41] The dependence
of the binding free energies on the ionic strength I of NaCl
was measured for the heptacationic host 8 with neutral
guest 19 and anionic guest 20. As expected, increasing ionic
strength I made the apolar binding free energy DG88 more
negative but the electrostatic part DDG8 less negative
(Figure 4). The influence of ionic strength I on electrostatic
interactions was stronger than on the apolar binding.


Discussion


The potential of native b-CD to recognize charged guests
was already suggested in the literature.[52] For instance, the
b-CD inclusion compound of adamantane-1-carboxylate
(DG8�25.7 kJmol�1)[53] is more stable than that of adaman-
tane-1-amine·HCl (DG8=�22.5 kJmol�1).[54] The preference
of b-CD for anionic guests can be rationalized by electro-
static interactions between the intrinsic dipole moment of b-
CD, parallel to the C7 symmetry axis, and the charge of the
guest. The dipole moment of b-CD was estimated to be 14–
20 D in the crystalline state,[55] and 2.9–3.7 D in solution,[56]


with the partial positive charge situated on the primary side.
This dipole moment should control the orientation of an in-
cluded dipolar guest. Indeed, anionic guests like benzoic
acid, phenol,[57] and tert-butylbenzoic acid are oriented with
their electronegative functional group upwards towards the
primary side of b-CD, whereby dipole–dipole interactions
are maximized.[58] Our ROESY results for b-CD inclusion
compounds support an antiparallel alignment of the dipoles.
Anionic guest 20 is oriented upwards in b-CD, while cationic
guest 15a is oriented downwards. The downward orientation
seems to lead to weaker binding, possibly due to only partial
space filling of the cavity. Nevertheless, these dipole–dipole


Figure 3. Relative ROESY NMR intensities [%] for various host–guest
complexes. The strongest signal was set to 100%.


Figure 4. Influence of ionic strength I on a) apolar binding free energy of
neutral guest 19 DG88, and b) contribution of electrostatic interactions to
binding free energy DDG8 of anionic guest 20 for heptacationic host 8.
The curve was calculated according to Debye–H;ckel–Onsager theory
[Eqs. (2)–(4) with reff =0.23 nm].
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interactions are small (ca. 1 kJmol�1) and are neglected in
the following discussion for the sake of simplicity.


Orientations of charged guests in charged hosts are pre-
dominantly controlled by Coulomb forces. An attractive in-
teraction (DDG8<0) forces the guest to adopt an upward
orientation, while a repulsive one (DDG8 >0) leads to a
downward orientation. This rule was generalized to all the
inclusion compounds tested when calculating binding ener-
gies.


The measured DDG8 were correlated with Coulomb ener-
gies, calculated according to Equation (2). In these calcula-
tions, zh and zg are the charge numbers of host and guest, r
is the intercharge distance, and er=78.5 the relative dielec-
tric constant of water. The intercharge distance r was esti-
mated by Equation (3) with r0=0.3 nm equal to the internal
radius of the b-CD cavity[59] for an upwards-oriented guest,
and r0=1.0 nm equal to the height of the CD cavity for a
downward-oriented guest, and the length of the spacer
group rs (see Table 4) between C-6 and the ionic atom of
hosts 2–13 was estimated by summation of increments for
all bonds. The increments were calculated from the projec-
tions of the bond lengths parallel to the main direction of
the spacer, assuming all-trans conformations (see Supporting
Information). The shielding effect exerted by clouds of op-
positely charged ions surrounding the interacting functional
groups was quantitatively described by Debye–H;ckel–Ons-
ager theory.[60] We used a simplified formulation that has al-
ready been used to describe Coulomb interactions of pro-
teins in aqueous salt solution, with the Debye length lD pro-
portional to I1/2 according to Equation (4) at T=298 K.[61] It
was assumed that the buffer ions cannot intrude into the
CD cavity and that formation of an ion cloud is partially
sterically hindered. Therefore we defined an effective length
reff within which ion shielding occurs. This effective length
was approximated by the spacer length rs diminished by one
bond length (reff= rs�0.15 nm), which led to the best fit. This
calculated Coulomb energy ECoul was plotted against the ex-
perimental electrostatic interactions DDG8 (Figure 5). Con-
sidering an ionic strength of I=0.2m for the buffer solution,
the correlation was very good (R=0.97) with a low standard


deviation (SD=1.3 kJmol�1). The slope of 1.0 within the ex-
perimental error verified our model. The negligible intercept
for Coulomb energy ECoul =0 at DDG8=�ACHTUNGTRENNUNG(0.5�0.3) kJmol�1


demonstrates that the specificities DDG8 are due solely to
Coulomb interactions.


ECoul ¼
NAe2


4pe0er


zhzg


r
e�reff=lD ð2Þ


r ¼ r0 þ rs ð3Þ


lD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e0erkBT
2NAe2I


r
ð4Þ


The decay of the electrostatic interaction �DDG8 with in-
creasing ion strength I (Figure 4b) was also quantitatively
described by Debye–H;ckel–Onsager theory. The best fit
was found for reff=0.27 nm, somewhat less than expected.
The small value of reff was attributed to steric hindrance of
ion-cloud formation within the constricted environment of
the host. On the other hand, apolar binding increases linear-
ly with the square root of ionic strength I. This is, to our
knowledge, the first time this relationship has been report-
ed. It may be due to an increase of the hydrophobic interac-
tion caused by depletion of ions down to a thin layer close
to the hydrophobic surface.[62,63]


In addition, electrostatic interaction enthalpies DDH8
were calculated by taking the binding enthalpies DH8 for
the cationic and anionic guests (16 and 20) and subtracting
the binding enthalpies DH88 of the neutral guest (19). Sur-
prisingly, only a very bad correlation (r<0.5) was found
with the Coulomb energies, which were calculated according
to Equations (2)–(4). We have no explanation for this find-
ing at present.


The well-known enthalpy–entropy compensation is valid
only for the apolar binding free energies for neutral guest
19, as shown in Figure 6. A straight line with reasonable cor-
relation (R=0.93) and standard deviation (SD=


0.8 kJmol�1) was found. The slope A=0.5 was smaller than
reported elsewhere.[6] On the other hand, correlation was in-


Figure 5. Coulomb energies ECoul, calculated according to Equations (2)–
(4), as functions of the measured electrostatic interactions DDG8.


Figure 6. Plot of binding enthalpy DH88 versus entropy TDS88 for hosts
1–14 and neutral guest 19.
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significant (R<0.5) for both ionic guests 16 and 20, in agree-
ment with previously reported results.[64] This finding leads
us to conclude that the enthalpy–entropy compensation
principle mainly holds for apolar interactions. Coulomb in-
teractions may influence solvation effects, especially by ions
of the solvent, and thereby lead to more complicated situa-
tions.


Conclusion


Attachment of seven charged substituents at the primary
rim of b-CD gives rise to highly potent host molecules.
Strikingly, electrostatic repulsion between the charged sub-
stituents does not diminish apolar binding due to deforma-
tion of the CD cavity as described elsewhere.[30] This can be
explained by the fact that stabilization by intramolecular hy-
drogen bonds at the secondary rim is retained for our com-
pounds. These so-called flip-flop hydrogen bonds are known
to stabilize the CD scaffold.[65,66]


Electrostatic interactions can be described in good ap-
proximation by Coulomb9s law combined with Debye–
H;ckel–Onsager theory. These simple theories would fail
unless the CD hosts of this study would not be quite rigid.
Within the heptasubstituted CD derivatives, spacer groups
are forced to point radially outwards because of the intra-
molecular repulsive forces between the charged end groups.


These results may help to design new cyclodextrin recep-
tors with even higher binding constants. Furthermore, these
binding data may also prove useful for parameterization of
force fields to allow more accurate molecular dynamics cal-
culations of CD inclusion compounds in water boxes.


Experimental Section


Materials : Compounds 15, 17, and 21 were purchased from Aldrich. b-
CD was donated by Wacker. Synthesized host compounds were purified
by nanofiltration by using a Berghof BM-5 membrane (molecular weight
cutoff 500 Da) and Milli-Q water.


Synthetic procedures : Monosubstituted b-CD derivatives 2–6 were syn-
thesized starting from 6-O-tosyl-b-CD[45] by displacement reactions with
nitrogen and sulfur nucleophiles, as depicted in Scheme 1, by using stan-
dard procedures described previously.[38] Heptasubstituted b-CD deriva-
tives 7–14 were synthesized starting from heptakis(6-iodo-6-deoxy)-b-
CD[67] by displacement reactions with nitrogen and sulfur nucleophiles, as
depicted in Scheme 2, by using standard procedures described previous-
ly.[38]


N-(6-deoxy-6-b-cyclodextrinyl)guanidinium chloride (3): Mono-[6-deoxy-
6-amino]-b-CD 2 (1.13 g, 1.00 mmol) was dissolved in anhydrous DMF
(15 mL). The mixture was stirred for 24 h at room temperature after ad-
dition of H;nig9s base (0.17 mL, 1.0 mmol) and 1H-pyrazole-1-carbox-
ACHTUNGTRENNUNGamidine hydrochloride (0.13 g, 1.00 mmol). The solvent was evaporated
and the product precipitated in acetone to give a white material (1.05 g,
0.89 mmol, 89%). 1H NMR (500 MHz, D2O/DSS): d=3.40–3.59 (m,
15H; H-2/2’/4/4’/6a’), 3.59–3.74 (m, 8H; H-5/5’/6b’), 3.74–3.90 (m, 19H;
H-3/3’/6a/6b), 4.95–5.00 ppm (m, 7H; H-1/1’); 13C NMR (125.71 MHz,
D2O/DSS): d=44.07 (C-6’), 61.86 (C-6), 73.93 (C-2/C-2’/C-5/C-5’), 75.09
(C-3), 83.04 (C-4), 84.83 (C-4’), 104.08 (C-1/C-1’), 159.58 ppm (C-7’); IR:
ñ=1020, 1149 (s, C�C), 1359 (w), 1649 (w, N�H), 2916 (m, C�H),
3272 cm�1 (s, O�H); MS (ESI) m/z : 1175.4 [M+H+]; elemental analysis


calcd (%) for C43H73N3O28·HCl·16H2O: C 36.77, H 7.50, N 3.00; found: C
36.50, H 6.48, N 4.47.


N-(6-deoxy-6-b-cyclodextrinylsulfanylethyl)guanidinium chloride (5):
Mono-[6-deoxy-6-(2-aminoethylsulfanyl)]-b-CD 4 (1.48 g, 1.24 mmol) was
dissolved in anhydrous DMF (15 mL). The mixture was stirred for 24 h
at room temperature after addition of H;nig9s base (0.21 mL, 1.24 mmol)
and 1H-pyrazole-1-carboxamidine hydrochloride (0.18 g, 1.24 mmol). The
solvent was evaporated and the product precipitated in ethanol to give a
white material (1.29 g, 1.04 mmol, 84%). 1H NMR (500 MHz, D2O/DSS):
d=2.85 (m, 2H; H-7’), 3.29 (m, 2H; H-8’), 3.40–3.51 (m, 21H; H-2/2’/4/
4’/5/5’), 3.63–3.83 (m, 21H; H-3/3’/6a/6b/6a’/6b’), 4.88–4.90 ppm (m, 7H;
H-1/1’); 13C NMR (125.71 MHz, D2O/DSS): d =37.98 (C-7’), 38.50 (C-6’),
41.69 (C-8’), 61.24 (C-6), 73.19 (C-2/C-2’/C-5/C-5’), 74.28 (C-3), 82.38 (C-
4), 85.51 (C-4’), 103.21 (C-1/C-1’), 157.91 ppm (C-9’); IR: ñ=1020, 1149
(s, C�C),1353 (w), 1650 (w, N�H), 2916 (m, C�H), 3269 cm�1 (s, O�H);
MS (ESI): m/z : 1236.4 [M+H+]; elemental analysis calcd (%) for
C45H77N3O28·HCl·10H2O: C 40.77, H 7.47, N 3.17; found: C 40.28, H 6.69,
N 2.70.


1-(4-tert-Butylphenyl)guanidine (16): 4-tert-Butylaniline (2.0 g,
13.4 mmol) was dissolved in anhydrous DMF (5 mL). The mixture was
stirred for 48 h at room temperature after addition of 1H-pyrazole-1-car-
boxamide hydrochloride (2.17 g, 14.7 mmol). The solvent was evaporated
and the residue was washed with diethyl ether, dissolved in water, and
extracted with diethyl ether. The aqueous phase was lyophilized to give
the white product (2.14 g, 11.2 mmol, 70%). 1H NMR (500 MHz, D2O/
DSS): d=1.32 (s, 9H; H-6), 7.28 (d, 3J=8.83 Hz, 2H; H-2), 7.85 ppm (d,
3J=8.51 Hz, 2H; H-3); 13C NMR (125.71 MHz, D2O/DSS): d =32.84 (C-
6), 36.57 (C-5), 128.35 (C-2), 129.52 (C-3), 133.30 (C-1), 149.22 (C-4),
154.40 ppm (C-7); MS (ESI): m/z : 192.2 [M+H+].


4-tert-Butyl-N,N-dimethylaniline N-oxide (19): 4-tert-Butyldimethylani-
line (0.5 g, 2.82 mmol) was dissolved in methanol (5 mL), hydrogen per-
oxide (30%, 1.15 mL) was added dropwise, and the mixture was stirred
for seven days at room temperature. After addition of a catalytic amount
of Pd/C, the mixture was filtered through Celite to give the colorless
product (0.23 g, 1.18 mmol, 42%) after evaporation of the solvent.
1H NMR (500 MHz, D2O/DSS): d=1.31 (s, 9H; H-6), 3.60 (s, 6H; H-7)
7.62 (d, 3J=8.51 Hz, 2H; H-3), 7.80 ppm (d, 3J=8.51, 2H; H-2);
13C NMR (125.71 MHz, D2O/DSS): d=32.98 (C-6), 36.62 (C-5), 64.21 (C-
7), 121.65 (C-2), 129.10 (C-3), 152.36 (C-1), 155.71 ppm (C-4); MS (ESI):
m/z : 194.2 [M+H+]; elemental analysis calcd (%) for C12H19NO·H2O: C
68.21, H 10.02, N 6.63; found: C 68.72, H 9.91, N 6.25.


4-tert-Butylbenzenesulfonic acid (20): 4-tert-Butylbenzene (5.37 g,
40.0 mmol) was cooled to 0 8C and oleum (1.62 mL, 40.0 mmol) was
added dropwise. The mixture was stirred for 3 h at room temperature,
water was added (20 mL), and the solution was neutralized with Amber-
lite IRA-402. The solution was lyophilized to give the white product
(1.21 g, 5.68 mmol, 14%). 1H NMR (500 MHz, D2O/DSS): d =1.32 (s,
9H; H-6), 7.62 (d, 3J=8.83, 2H; H-2), 7.74 ppm (d, 3J=8.51 Hz, 2H; H-
3); 13C NMR (125.71 MHz, D2O/DSS): d=32.97 (C-6), 36.91 (C-5),
121.65 (C-2), 129.10 (C-3), 152.36 (C-1), 155.71 ppm (C-4); MS (ESI): m/
z : 213.0 [M+H+]; elemental analysis calcd (%) for C10H13O3SNa·H2O: C
47.23, H 5.95; found: C 46.63, H 6.25.


Potentiometric measurements and calculation of pKa values : The titration
experiments were performed as described previously[68] (25.0 8C, 0.1m


KCl) by using a Metrohm 665 piston burette, a Metrohm 6.0262.100 glass
electrode with an incorporated Ag/AgCl reference, and a Metrohm 713
pH/mV meter. Data acquisition and addition of the titrant (0.1m KOH)
were controlled by a PC.[69] The total concentration of the various poly-
bases was always 0.5 mm. The two polyamines 7 and 8 were used as hy-
drochlorides, and the polycarboxylates 9 and 11 as sodium salts together
with eight equivalents of HCl to ensure complete protonation at the be-
ginning of the experiment. Potentiometric data were evaluated with the
computer program HYPERQUAD.[70] All protonation constants were
calculated as concentration constants, pH was defined as �log[H+], and
the fixed value pKw=13.78 was used.[71] For each system, at least four ti-
tration experiments were performed, and in the final evaluation two
curves of each system were combined into one data set and evaluated to-
gether.
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ITC measurements : Isothermal microcalorimetric titrations were per-
formed at 25.0 8C with an AutoITC isothermal titration calorimeter (Mi-
croCal Inc., Northampton, USA) with 1.414 mL of sample and reference
cells. The reference cell was filled with distilled water. Prior to the meas-
urements, samples of hosts and guests were brought to pH 6.8 by titration
with small amounts of aqueous HCl or NaOH and lyophilized afterwards.
The sample cell was degassed and filled with a 1 mm solution of the re-
spective host in 50 mm phosphate buffer (pH 6.8) and constantly stirred
at 450 rpm. A 13 mm solution of the guest in the same buffer was auto-
matically added by syringe in 20 separate injections of 12.5 mL. The re-
sulting 20 heat signals were integrated to yield the mixing heats, which
were corrected by the corresponding dilution enthalpies of the guest,
which had been measured separately. The host–guest titration curve
(molar heats vs. molar ratio guest/host) was fitted by nonlinear regression
with the program Origin 7.0 for ITC. For each inclusion compound, the
host–guest stoichiometry was found to be 1:1. The binding constant K
and the molar binding enthalpy DH8 were obtained as fitting parameters,
from which the binding free energy DG8 and binding entropy DS8 were
derived. The titration was repeated 2–3 times with concentrations of
[host]=10/K and [guest]=130/K to achieve optimal accuracy. For small
binding constants (K<2500 Lmol�1), concentrations were limited to
[host]=4 mm and [guest]=40 mm.


NMR measurements : All 1H NMR experiments were carried out in deu-
terium oxide at 25 8C on a Bruker Avance 500 spectrometer at
500.00 MHz. ROESY experiments were performed on 15 mm solutions of
hosts and guests in 0.05m phosphate buffer solutions by using the Bruker
standard routine “roesyph.” The data consisted of NS=32 scans collected
over 2048 complex points with a spectral width (SW) of 4005 Hz. A
mixing time (P15) of 300 ms, a repetition delay (D1) of 2 s, an acquisition
time of 0.167 s, and a 908 pulse width (P1) of 7.95 ms at PL1=�2 dB
power attenuation were used.
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Na8[Cr4B12P8O44(OH)4] ACHTUNGTRENNUNG[P2O7]·nH2O: A 3D Borophosphate Framework with
Spherical Cages
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Introduction


Open-framework inorganic materials are of great interest
due to their wide applications in sorption and separation,
heterogeneous catalysis, and ion exchange.[1] In addition to
the silicates, aluminosilicates, and aluminophosphates, the
research on borophosphates has been growing[2] and a great
number of new compounds have been reported in the last
decade.[3] Because boron may adopt four- or three-fold coor-
dination, the borophosphate frameworks are often more
complicated than tetrahedral frameworks, although there
are indeed a number of borophosphates known to adopt
zeolite-type structures.[4–9] Despite the diverse structures, a


few principles and fundamental building units (FBUs) have
been proposed by Kniep et al. ,[10] which are useful to guide
our understanding of borophosphate structures. For simplici-
ty, they disregarded the polyhedra of metal atoms and
mainly focused on the anionic partial structures of boro-
phosphates. Thus, the framework structures of borophos-
phates known so far can be derived from a few typical boro-
phosphate FBUs. This description reveals that most of the
borophosphate partial structures are low dimensional, with
only two exceptional 3D cases, MI


ACHTUNGTRENNUNG[B2P2O8(OH)] (MI=Rb,
Cs)[11] and A ACHTUNGTRENNUNG[BeBP2O8]·nH2O (A=Na+ , K+ , NH4


+).[7] Nev-
ertheless, to describe the complete framework, one has to
include the polyhedra of metal atoms, in particular, the octa-
hedra and tetrahedra. A useful approach is to describe
framework structures by using metal borophosphate clusters
as building units. For example, [template]· ACHTUNGTRENNUNG[MB2P3O12(OH)]
(M=Co,[12] Mn[13]) can be considered as a simple cubic
porous framework built up with the six-connected building
cluster [MP4B2O20]


12�, as shown in Figure 1a. A similar
building unit ([VP4B3O16(OH)5]


4�) was found in
[N2C6H14]2VO ACHTUNGTRENNUNG(PO3OH)4ACHTUNGTRENNUNG(B3O3OH)·4H2O,[14] but with an ad-
ditional BO3 that forms a typical 3-membered borate ring
(see Figure 1b). This is a similar approach to that used in so-
called “scale chemistry”, in which large polynuclear clusters
are used as building blocks to construct micro- or even mes-
oporous compounds.[15–18]


Abstract: A chromium borophosphate–
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We report herein a new chromium borophosphate–phos-
phate, Na8[Cr4B12P8O44(OH)4] ACHTUNGTRENNUNG[P2O7]·nH2O (1) that contains
CrO6 octahedra, BO4 and PO4 tetrahedra, and BO3 triangles.
The complicated structure of 1 can be described as a cage
framework with [CrP5B3O24]


11� as the building unit. As we
will show later, the [CrP5B3O24]


11� cluster adopts a similar
structure to that in Figure 1, but is a 5-connected unit and
thus the topology of the cage framework is rather unusual.
Additionally, 1 is also the first borate-rich example that con-
tains a 3D borophosphate partial framework (see Scheme S1
in the Supporting Information). The resident metal cations
in the cage can be exchanged, which causes a significant
change in the unit cell con-
stants.


Results and Discussion


Structure description : The as-
synthesized crystals are large
and appear to have a well-de-
fined cubic morphology. How-
ever, the collected X-ray dif-
fraction data exhibited weak
super-reflections, which indi-
cates a deviation from the high-
symmetry structure. Attempts
to solve the structure accurate-
ly, such as collecting data on
different crystals at low temper-
ature by using a synchrotron X-
ray source, carrying out the
structure refinement by includ-
ing the satellite reflections, or
by using primary cubic symme-
try, were all unsuccessful.[19]


Therefore, we have described
the average structure (the space
group is I23) based only on the
main reflections. In fact, the
average structure represents the
structural feature of the frame-


work rather nicely. Unusually large anisotropic displacement
factors have been observed mainly for the isolated P2O7


group and some of the oxygen atoms, which have then been
described by using the splitting model.


The structure of 1 consists of a porous framework of
{[Cr4B12P8O48]ACHTUNGTRENNUNG[P2O7]}


12�, counterions (Na+), and absorbed
water. The framework is well defined and consists of 22
crystallographically independent atoms: 1 Cr, 15 O, 3 P, and
3 B.[20] All the atoms in the framework are located in gener-
al positions except for O14, which is located on the 2-fold
axis (site 12d). To simplify the expression of the framework
in 1, one can define [CrP5B3O24]


11� as the fundamental
building cluster (see Figure 2a), in which the polyhedra are
linked in a similar fashion to that observed in the cluster
[VP4B3O16(OH)5]


4�.[14] The central CrO6 octahedron is sur-
rounded by 4 P1- and P2-centered PO4 tetrahedra in a
square geometry by sharing corners that further connect to
the B3O8 borate ring. An additional P3-centered PO4 tetra-
hedron is present to complete the linkage of the CrO6 octa-
hedron. In fact, the P3-centered tetrahedron is a part of a
P2O7 group in the structure, in which, as shown in Figure 2a
and b, the O13 atoms are shared by neighboring CrO6 and
the O15 atoms are terminal oxygen atoms. In the present
average structure, the P2O7 group is described by the split-
ting model with two orientations (related by 222-point sym-
metry). Although the present study does not provide the
complete structure solution, it is a convincing possibility


Figure 1. A schematic view of a) [CoP4B2O20]
12� or [MnP4B2O20]


12� and
b) [VP4B3O16(OH)5]


4�.


Figure 2. a) The building cluster [CrP5B3O24]
11�, b) the two orientations of the P2O7 group in the structure,


c) the simplified square pyramidal unit (purple: Cr, deep blue: P), d) the topological linkage of the spherical
cage expressed by square pyramids, and e) a projection of the structure of 1 along the {001} direction. Purple:
CrO6, blue: PO4, red: BO4, and green: BO3. The large yellow spheres are present to guide the eye.
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that the different orientations of the P2O7 groups might be
the major source of the super-reflections. The presence of
the PO4 and P2O7 groups in the structure was further con-
firmed by 31P magic-angle spinning (MAS) NMR spectros-
copy (see Figure S1 in the Supporting Information). Two
distinct resonance peaks were observed at about d=�5.8
and �21.3 ppm, which are attributed to the PO4 and P2O7


groups, respectively, according to the literature.[21]


In the framework structure, the oxygen atoms on the P1-
and P2-centered tetrahedra are further shared with the
CrO6 and BO4 groups of the neighboring clusters, whereas
the P2O7 group connects four neighboring CrO6 octahedra.
Thus the fundamental building cluster [CrP5B3O24]


11� is ac-
tually 5-connected and can be simplified to a square pyrami-
dal unit (see Figure 2c) in which only the Cr and P atoms
are shown and the other atoms are omitted. Figure 2d shows
a schematic view of the framework structure. It should be
noted that the four basal PO4 groups are commonly shared
by the neighboring square pyramidal units, whereas the
axial PO4 groups are not only shared by two square pyrami-
dal units, but are also interconnected to form the P2O7


group (shown as a solid blue line). Therefore, 1 possesses an
extended 3D cage framework structure, and the spherical
cages are located at the vertices and the body center of the
cubic cell. The actual framework structure is very complex
(see Figure 2e) and consists of 24 CrO6, 60 PO4, and 24
B3O8 groups. The cavities of the cages are interconnected by
12- and 7-membered-ring windows composed, respectively,
of 6 PO4 and 6 BO4 groups along the {111} direction and 4
PO4 and 3 CrO6 groups along the {001} direction. The Cr
atoms in the framework structure are well separated by PO4


groups so that the magnetic susceptibility is predominantly
paramagnetic with weak ferromagnetic interactions (see Fig-
ure S2 in the Supporting Information).


According to the structure analysis, the composition of
the framework is {[Cr4B12P8O48] ACHTUNGTRENNUNG[P2O7]}


12� (Z=6). The nega-
tive charges of the framework are partially compensated by
the protons bonded to the terminal oxygen atoms of the
framework and partially by the Na+ cations in the cavity.
The structure refinement reveals that some of the residual
electron densities in the cavity can be assigned to the resi-
dent Na+ cations or H2O molecules, whereas for those posi-
tions that are only partially occupied in the cavity, assign-
ment is rather ambiguous due to similar scattering abilities
and possible disorders. Alternatively, the amount of Na+ or
H2O present can be estimated from chemical analysis by in-
ductively coupled plasma methods (ICP) and thermogravi-
metric analysis (TGA).


Na+ quantities obtained for different as-synthesized sam-
ples by using ICP are listed in Table 1 and Table S1 in the
Supporting Information. Although the data are dispersed,
the mean value of the Na+ content is close to 2 (about 8
Na+ ions per formula) for the as-synthesized samples. The
TGA curve of as-synthesized 1 shows the two steps that give
a total weight loss of 10.1 wt% (Figure 4). The first weight
loss of 8.2 wt%, which occurs below 300 8C, should originate
from the removal of the disengaged water molecules and


the second weight loss of 1.9 wt% may originate from the
dehydration of the hydroxyl groups. From the weight loss,
one may estimate that there were about 8 disengaged water
molecules (calcd: 7.95 wt% per formula) and 4 hydroxyl
groups (calcd: 2.00 wt%). The presence of hydroxyl groups
on the framework is also supported by the IR spectra (see
Figure S3 in the Supporting Information). A sharp peak at
ñ=3590 cm�1 (assigned to the hydroxyl groups) that was ob-
served in as-synthesized 1 disappears in deprotonated (Li+


exchanged) 1. The other two bands at ñ=3517 and
1629 cm�1, which originate from H2O, remain in both sam-
ples. From the structure, we know that there are two possi-
ble oxygen sites that may bond protons; one is the terminal
oxygen (O10, general position) on BO3, another is the ter-
minal oxygen (O15, general position but half occupied) on
the P2O7 group. Considering the multiplicity factors of the
two terminals and the acidity of boric and phosphoric acids,
it seems more likely that the protons are bonded to the ter-
minal oxygen on BO3. Therefore, based on the structural
and chemical analysis above and the charge balance, one
can conclude that the overall composition of the as-synthe-
sized 1 should be Na8[Cr4B12P8O45(OH)4] ACHTUNGTRENNUNG[P2O7]·8H2O.


Borophosphate partial structure : To further understand the
structure, we have employed the KniepQs concept and no-
menclature[10] of borophosphate FBUs to analyze the anion-
ic partial structure of 1. In KniepQs description, the transi-
tion metal can be ignored, thus one can focus mainly on the
borophosphate partial structure. The P2O7 group in 1 is an
isolated phosphate group that can also be ignored. The FBU
in 1 is, therefore, an oB dreier1 single ring and can be ex-
pressed as D4&:&<D2&>& (Figure 3a; for an explanation
of the descriptors and symbols, see ref. [10]). This borate-
rich FBU has also been found in
Na2[M


IIB3P2O11(OH)]·0.67H2O (MII=Mg, Mn–Zn).[22–24]


The terminal oxygen atoms on both BO4 and PO4 are the
atoms that could be shared by adjacent FBUs and in both 1
and Na2[M


IIB3P2O11(OH)]·0.67H2O the FBUs are 4-connect-
ed (exemplified in Figure 3b), which leaves two terminal


Table 1. Unit cell constants and atomic ratios of as-synthesized and treat-
ed samples.


Sample T
[h]


Atomic ratio (set P=2.50) Volume
[R3]


Volume
ratio


Li+Na Li Na Cr B P


1 2.21 2.21 0.99 3.15 2.50 8017(1) 1
1 water-
desorbed


7815(1) 0.9749


1 water-re-
absorbed


7961(1) 0.9930


1-Li-4 4 2.90 1.93 0.97 1.01 3.17 2.50 7516(2) 0.9375
1-Li-8 8 2.94 2.41 0.53 1.02 3.24 2.50 7358(3) 0.9178
1-Li-16 16 2.94 2.75 0.19 1.01 3.19 2.50 7300(3) 0.9106
1-Li-24 24 3.27 3.15 0.12 1.02 3.21 2.50 7256(4) 0.9051


1 The term “dreier” was coined by Liebau[30] and is derived from the
German word drei, which means three.
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oxygen atoms on PO4 coordinated to the transition metal
cations. Although the local connections of the polyhedra are
the same, the framework topologies are different in these
two compounds, which is largely due to the flexible orienta-
tion of the PO4 group (for 1: D=3; P=6; M=4; Qn/CN: B2/3,
B4/4, P2/4 and for Na2[M


IIB3P2O11(OH)]·0.67H2O: D=1(tb);
P=6; M=3; Qn/CN: B2/3, B4/4, P2/4). As shown in Figure 3c,
the borophosphate partial structure in 1 is a three dimen-
sional framework consisting of spherical cages, which com-
prises a 3-connected topology with the SchlSfli notation (6,
82, 122)2


[25] (see Figure S4 in the Supporting Information). In
Na2[M


IIB3P2O11(OH)]·0.67H2O, however, the FBUs are in-
terconnected in a parallel fashion that forms a tubelike 1D
structure (see Figure 3d). It should be noted that, as far as
we know, only two 3D borophosphate frameworks have
been identified in the literature. MI


ACHTUNGTRENNUNG[B2P2O8(OH)] (MI=Rb,
Cs) is a lB dreier framework constructed by the fundamen-
tal building unit of 4&:<3&>&,[11] whereas A-
ACHTUNGTRENNUNG[BeBP2O8]·nH2O (A=Na+ , K+ , NH4


+) is an olB achter
framework composed of 9&:&<6&>& j& j& j .[7]


Thermal stability and microporosity : Figure 4 shows the
TGA curves for 1 under different conditions. As-synthesized
1 exhibits two major weight losses. The first weight loss,
which occurs below 300 8C, mainly originates from the re-
moval of the water molecules in the cavity and the second
weight loss, which occurs between 300 and 500 8C, is due to
the dehydration of the hydroxyl groups. As shown in
Figure 5, the powder X-ray diffraction patterns of a sample
annealed at different temperatures (from 25 to 800 8C) indi-


cates that the framework is retained until 450 8C, above
which the first reflection (110) drops dramatically and the
high 2q reflections remain, which indicates that the frame-
work collapses after the dehydration of the hydroxyl groups.
At 750 8C, a known condensed phase, NaCrP2O7, is formed.


The water molecules in the cavity of 1 can be reversibly
desorbed and reabsorbed. To obtain a water-desorbed
sample, we heated as-synthesized 1 at 250 8C for 20 h. As
shown in Figure 6, the X-ray diffraction pattern is almost
identical to that of as-synthesized 1, except for a slight


Figure 3. a) A single FBU of 1, b) the connection between FBUs in 1,
c) the borophosphate partial structure in 1, and d) the anionic partial
structure in Na2[M


IIB3P2O11(OH)]·0.67H2O. Blue: PO4, red: BO4, green:
BO3. The yellow sphere represents the spherical cage in the center.


Figure 4. Thermogravimetric curves of as-synthesized 1 (c), water-re-
absorbed 1 (a), and water-reabsorbed 1-Li-24 (g).


Figure 5. Powder X-ray diffraction patterns of as-synthesized 1 annealed
at different temperatures (25–800 8C).


Figure 6. The powder X-ray diffraction patterns of i) as-synthesized 1, ii)
water-desorbed 1, iii) water-reabsorbed 1, and iv) 1-Li-24.
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shrinkage of the unit cell volume (�2.5%). The cell volume
can be completely restored by placing the desorbed sample
in a water-saturated atmosphere for 20 h. The thermal be-
havior and crystalline integrity of water-reabsorbed 1 is sim-
ilar to that of as-synthesized 1 (see Figure 4 and Figure 6).


The Na+ ions in the cavity of the framework are mobile
and can be exchanged by Li+ ions. The exchange experi-
ments were carried out by dipping as-synthesized 1 in
molten LiNO3 at 285 8C. After the exchange reaction, the
products were extensively washed and sonicated several
times with distilled water to ensure complete removal of the
absorbed ions on the particle surface. The exchange reac-
tions were carried out for periods of 4, 8, 16, and 24 h to
give 1-Li-4, 1-Li-8, 1-Li-16, and 1-Li-24, and at each interval
an ICP chemical analysis was performed and an X-ray dif-
fraction pattern was recorded. It can be seen in Figure 6
that although the crystalline integrity of 1-Li-24 had de-
clined, the framework was retained after a 24 h exchange re-
action. In Table 1, we have summarized the results of chemi-
cal analysis and X-ray diffraction of the Li+-exchanged sam-
ples. It can be seen that the Li+ content increases and the
Na+ content decreases simultaneously over the course of
the exchange reaction. At the same time, the unit-cell
volume shrinks; for 1-Li-24, the volume shrinkage is about
9.5%, which is significant for the exchange experiments.
More interestingly, the overall cation contents (c ACHTUNGTRENNUNG(Na+)+c-
ACHTUNGTRENNUNG(Li+)) in the Li+-exchanged samples are all close to 3, an
expected value for complete replacement of both Na+ ions
and the protons of the hydroxyl groups (see Table 1). This
implies that the Li+ ions preferentially replace the hydrogen
atoms of the hydroxyl groups on the framework and then
the Na+ ions in the cavity. The Li+ exchange was also veri-
fied by IR spectra and 7Li MAS NMR spectroscopy. As indi-
cated, the sharp IR peak observed in the as-synthesized
sample at ñ=3590 cm�1 disappears in 1-Li-24, which also ex-
hibits two resonance signals centered at about d=�2 and
29 ppm under the spectral frequency of 116.6 MHz and the
magic-angle spinning speed of 13 kHz (see Figure S5 in the
Supporting Information). Although we cannot absolutely
assign the coordination environments of the two signals, the
significantly different magnitudes suggest that the d=


29 ppm signal may correspond to the Li+ ions that replace
protons, whereas the d=�2 ppm signal may correspond to
the Li+ ions in the cavity. Additionally, 1-Li-24 reabsorbed
in a water-saturated atmosphere also shows different ther-
mal behavior (see Figure 4); it exhibits continuous weight
loss without a plateau. All the above observations suggest
that the replacement of Li+ with H+ does occur. We would
like to point out that similar replacement has also been ob-
served in other systems. For example, H2M2PO7 (M=Ni,
Co)[26] is a hydrated metal phosphate; its lithium derivate
LiH3M2ACHTUNGTRENNUNG(P2O7)2,


[27] in which 1=4 of the protons on hydroxyl
groups are replaced by Li+ , can be obtained by adding
LiNO3 to the reaction systems.


The microporosity of 1 is exemplified by the reversibility
of the water desorption/reabsorption and ion-exchange
properties. In addition, the structure investigation definitely


shows that the large spherical cages are interconnected by
12-membered-ring windows. However, the BET surface area
(N2) of 1 is rather small at about 5 m2g (see Figure S6 in the
Supporting Information), which means that 1 is not a tradi-
tional microporous material. Such a phenomenon is not un-
common and has been observed in other systems, such as
MCuB7O12·H2O (M=Na, K) in which the structure contains
large 14-membered-ring channels.[28] We do not know the
exact reason for this observation, but blocking of the win-
dows by counterions, the hydrophilic nature of the inner sur-
face, or even inappropriate experimental conditions may all
result in such an observation. Nevertheless, the reversible
water adsorption and ion-exchange properties verify that
the guest species are mobile and that their mobility does not
damage the integrity of the framework.


Conclusion


Na8[Cr4B12P8O45(OH)4]ACHTUNGTRENNUNG[P2O7]·nH2O is an interesting boro-
phosphate–phosphate that adopts a spherical cage frame-
work structure composed of CrO6, PO4, BO4, and BO3 poly-
hedra. The cages are located at the vertices and the body
center of the cubic cell and are interconnected through 12-
membered-ring windows along the {111} direction. The de-
sorption and absorption of the disengaged water molecules
in the cavity are reversible. The Na+ counterions are ex-
changeable with Li+ ions, and this is accompanied with sig-
nificant shrinkages of the unit cell. During the Li+-exchange
process, the framework is retained but the crystallization de-
creases. It is likely that the Li+ replaces not only the Na+


ions but also the hydrogen atoms on the framework. Addi-
tionally, the analysis based on KniepQs concept reveals that 1
adopts a 3D borophosphate partial framework structure,
represented as 3


1ACHTUNGTRENNUNG[B3P2O11(OH)]. The FBU is an oB dreier
single ring (D4&:&<D2&>&). Interestingly, although anoth-
er known borophosphate, Na2[M


IIB3P2O11(OH)]·0.67H2O
(MII=Mg, Mn–Zn), is also built up with a similar FBU, its
framework structure is 1D and tubelike. As far as the struc-
tural chemistry of borophosphates is concerned and to the
best of our knowledge, 1 represents the first borate-rich
phase that contains a 3D borophosphate partial framework.


Experimental Section


Synthesis : 1 can be synthesized by a hydrothermal reaction method. Typi-
cally, Cr ACHTUNGTRENNUNG(NO3)3·9H2O (1.0 g, 2.5 mmol) was dissolved in concentrated
H3PO4 (3 mL, 14.6 molL�1) in a 50 mL Teflon reactor at 80 8C. Then
Na2B4O7·10H2O (3.8 g, 10 mmol) was added and the Teflon reactor was
sealed in a stainless steel container. After heating at 220 8C for 4 days
and cooling to RT in 12 h, the solid sample was washed extensively with
hot water (80 8C) until the soluble components were completely removed.
Dark green single crystals with a truncated cubic appearance were ob-
tained in a yield of about 90% with respect to Cr. The reaction tempera-
ture and time are not constant and can vary from 180 to 240 8C and from
3 d to 2 weeks.


Analyses : The chemical analyses were carried out by ICP methods by
using an ESCALAB2000 analyzer. The TGAs were performed on a
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Dupont 951 thermogravimetric analyzer in air with a heating rate of
10 8Cmin�1 from 30 to 800 8C. Powder X-ray diffraction data were col-
lected at room temperature on a Rigaku D/Max-2000 with Cu Ka radia-
tion (l =1.5406 R) from a rotating anode. The tube voltage and current
were 40 kV and 100 mA, respectively. The magnetic property of 1 was in-
vestigated with a Quantum Design MPMS-SS superconducting quantum
interference device (SQUID) magnetometer at a temperature range of 2
to 300 K at 0.1 T. The isothermal magnetization curve was measured at
2 K up to an applied field of 7 T.


Structure determination : Single-crystal X-ray diffraction was performed
at room temperature by using an Xcalibur diffractometer equipped with
a CCD detector. The structure was solved by direct methods in the space
group I23 and refined by full-matrix least squares techniques against F2


by using the SHELX programs.[29] The data analysis reveals that the
structure, in fact, deviates from the I-centered lattice. However, the addi-
tional reflections are extremely weak, even for the data collected at
100 K. In the I23 structural model, the P(3)2O7 groups are described as
two different orientated species (see Figure 2b). A total of 118454 reflec-
tions, of which 4103 are unique, were collected in the region 3.78<q<


34.58 (l =0.71073 R). Rint=0.0345, R1=0.0574, and wR2=0.1536 for all
reflections. Crystal data and details of the structure determination are
given in Table 2. The refined atomic parameters are given in Table S2 in
the Supporting Information. Further details of the crystal structure inves-
tigation can 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 numbers
CSD-415997.
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Table 2. The crystallographic parameters and refinement results of 1.


Na8H20Cr4B12P10O63


Mr 1859.50
T [K] 290
l [R] 0.71073
crystal size [mm] 0.1586X0.1644X0.2285
morphology green, truncated cubic
space group I23
a [R] 20.0242(3)
V [R3] 8029.1(2)
Z 6
1calcd [gcm


�3] 2.31
m ACHTUNGTRENNUNG(Mo Ka) [mm�1] 1.295
coll. reflns 118454
indep. reflns 4103
I>2s(I) 4103
q range [8] 3.7–34.5
GOF 1.008
R1 ACHTUNGTRENNUNG[I>2s(I)] 0.0574
wR2ACHTUNGTRENNUNG(all data) 0.1536
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Coordination Chemistry of Conformation-Flexible 1,2,3,4,5,6-
Cyclohexanehexacarboxylate: Trapping Various Conformations
in Metal–Organic Frameworks


Jing Wang,[a] Zhuo-Jia Lin,[a] Yong-Cong Ou,[a] Yong Shen,[a] Radovan Herchel,[b] and
Ming-Liang Tong*[a]


Abstract: To study the conformations
of 1,2,3,4,5,6-cyclohexanehexacarboxyl-
ic acid (H6L), eleven new coordination
polymers have been isolated from hy-
drothermal reactions of different metal
salts with 1e,2a,3e,4a,5e,6a-cyclohexane-
hexacarboxylic acid (3e+3a, H6L


I) and
characterized. They are [Cd12 ACHTUNGTRENNUNG(m6-L


II)-
ACHTUNGTRENNUNG(m10-L


II)3ACHTUNGTRENNUNG(m-H2O)6ACHTUNGTRENNUNG(H2O)6]·16.5H2O (1),
Na12 ACHTUNGTRENNUNG[Cd6 ACHTUNGTRENNUNG(m6-L


II) ACHTUNGTRENNUNG(m6-L
III)3]·27H2O (2),


[Cd3ACHTUNGTRENNUNG(m13-L
II)ACHTUNGTRENNUNG(m-H2O)] (3), [Cd3ACHTUNGTRENNUNG(m6-L


III)-
ACHTUNGTRENNUNG(2,2’-bpy)3ACHTUNGTRENNUNG(H2O)3]·2H2O (4), [Cd4ACHTUNGTRENNUNG(m4-
LVI)2(4,4’-Hbpy)4ACHTUNGTRENNUNG(4,4’-bpy)2-
ACHTUNGTRENNUNG(H2O)4]·9.5H2O (5), [Cd2 ACHTUNGTRENNUNG(m6-L


II)(4,4’-
Hbpy)2ACHTUNGTRENNUNG(H2O)10]·5H2O (6), [Cd3ACHTUNGTRENNUNG(m11-
LVI) ACHTUNGTRENNUNG(H2O)3] (7), [M3ACHTUNGTRENNUNG(m9-L


II) ACHTUNGTRENNUNG(H2O)6]
(M=Mn (8), Fe (9), and Ni (10)), and
[Ni4(OH)2ACHTUNGTRENNUNG(m10-L


II)ACHTUNGTRENNUNG(4,4’-bpy)-
ACHTUNGTRENNUNG(H2O)4]·6H2O (11). Three new confor-
mations of 1,2,3,4,5,6-cyclohexanehexa-
carboxylate, 6e (LII), 4e+2a (LIII) and
5e+1a (LVI), have been derived from
the conformational conversions of LI


and trapped in these complexes by con-
trolling the conditions of the hydro-
thermal systems. Complexes 1 and 2
have three-dimensional (3D) coordina-
tion frameworks with nanoscale cages
and are obtained at relatively low tem-
peratures. A quarter of the LI ligands
undergo a conformational transforma-


tion into LII while the others are trans-
formed into LIII in the presence of
NaOH in 2, while all of the LI are
transformed into LII in the absence of
NaOH in 1. Complex 3 has a 3D con-
densed coordination framework, which
was obtained under similar reaction
conditions as 1, but at a higher temper-
ature. The addition of 2,2’-bipyridine
(2,2’-bpy) or 4,4’-bipyridine (4,4’-bpy)
to the hydrothermal system as an auxil-
iary ligand also induces the conforma-
tional transformation of H6L


I. A new
LVI conformation has been trapped in
complexes 4–7 under different condi-
tions. Complex 4 has a 3D microporous
supramolecular network constructed
from a 2D LIII-bridged coordination
layer structure by p-p interactions be-
tween the chelating 2,2’-bpy ligands.
Complexes 5–7 have different frame-
works with LII/LVI conformations,
which were prepared by using different
amounts of 4,4’-bpy under similar syn-
thetic conditions. Both 5 and 7 are 3D


coordination frameworks involving the
LVI ligands, while 6 has a 3D micropo-
rous supramolecular network con-
structed from a 2D LII-bridged coordi-
nation layer structure by interlayer
N4,4’-Hbpy�H···O ACHTUNGTRENNUNG(LII) hydrogen bonds.
3D coordination frameworks 8–11 have
been obtained from the H6L


I ligand
and the paramagnetic metal ions MnII,
FeII, and NiII, and their magnetic prop-
erties have been studied. Of particular
interest to us is that two copper coordi-
nation polymers of the formulae
[{CuII2ACHTUNGTRENNUNG(m4-L


II)ACHTUNGTRENNUNG(H2O)4}ACHTUNGTRENNUNG{Cu
I
2ACHTUNGTRENNUNG(4,4’-bpy)2}]


(12a) and [CuII ACHTUNGTRENNUNG(Hbtc) ACHTUNGTRENNUNG(4,4’-bpy)-
ACHTUNGTRENNUNG(H2O)]·3H2O (H3btc=1,3,5-benzene-
tricarboxylic acid) (12b) resulted from
the same one-pot hydrothermal reac-
tion of Cu ACHTUNGTRENNUNG(NO3)2, H6L


I, 4,4’-bpy, and
NaOH. The Hbtc2� ligand in 12b was
formed by the in situ decarboxylation
of H6L


I. The observed decarboxylation
of the H6L


I ligand to H3btc may serve
as a helpful indicator in studying the
conformational transformation mecha-
nism between H6L


I and LII–VI. Trapping
various conformations in metal-organic
structures may be helpful for the stabi-
lization and separation of various con-
formations of the H6L ligand.
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Introduction


When a substrate (L) coordinates to a metal (M) center, the
properties of the organic ligand, such as electrophilic or nu-
cleophilic character, acidity, and susceptibility to oxidation
or reduction, usually change in tandem with the nature of
the metal ion, leading to the production of thermodynami-
cally or kinetically stable coordination compounds.[1] In
some cases, reactive transition metal ions can catalyze the
oxidation/reduction, rearrangement, or conformational con-
version of organic ligands under mild reaction conditions so
as to form new ligand derivatives.[2] Hydro ACHTUNGTRENNUNG(solvo)thermal
synthesis has been widely used as an advantageous tech-
nique in the preparation of highly stable, infinite metal–
ligand frameworks. Furthermore, many interesting metal/or-
ganic reactions,[2] such as redox processes of metal ions, and
oxidative coupling, hydrolysis, or substitution of ligands,
have been found under various hydro ACHTUNGTRENNUNG(solvo)thermal condi-
tions. We and other groups have developed some in situ
ligand syntheses, including copper(II)-mediated oxidative
coupling, hydrolysis, substitution, and alkylation of ligands
in the course of the construction of novel metal-organic
framework materials.[3,4] Such ligand reactions, due to their
complexity in terms of mechanisms and their role as a new
bridge between inorganic and organic chemistry, require fur-
ther understanding and investigation.
In the rational design and synthesis of metal-organic


frameworks,[5] rigid polycarboxylates, for example benzene-
polycarboxylates and pyridinepolycarboxylates, have been
extensively employed to produce various extended struc-
tures.[6] Nevertheless, only a few coordination polymers
based on ligands with flexible conformations have hitherto
been reported. This is probably due to the flexibility of the
ligand backbones, which makes it more difficult to predict
and control their orientation in the final coordination net-
works.[7] Many investigations have been focused on the flexi-
ble 1,4- or 1,3-cyclohexanedicarboxylic acids in view of their
cis- and trans- conformations.[7e,f] 1,2,3,4,5,6-Cyclohexanehexa-
carboxylic acid (H6L), which is characterized by multiple
binding sites and pH-dependent coordination modes and
shows versatility through its flexible conformations, has at-
tracted our great interest in studying its conformational
transformations and use in constructing metal-organic
frameworks.[8] In our recent work on H6L, we have observed
two predominant conformations, LI (3e+3a) at room tem-
perature and LII (6e), as well as a less common conforma-
tion LIII (4e+2a) under hydrothermal conditions
(Scheme 1).[8] It should be noted that the starting material
1,2,3,4,5,6-cyclohexanehexacarboxylic acid hydrate
(H6L


I·H2O) adopts the all-cis conformation with multiple
hydrogen bonds, which can be converted in situ to the trans
form or cis,trans-mixed forms under different hydrothermal
conditions. Conformation LI is thermodynamically less
stable than the other conformations,[9] but it has relatively
low steric hindrance between the carboxylate groups. The
opposing factors of the relative energy and steric hindrance
result in H6L


I adopting various compromised conformations


upon coordinating to metal ions, which gives us the opportu-
nity of trapping the intermediate conformations by tuning
the hydrothermal reaction conditions. In our ongoing inves-
tigation on this interesting metal–H6L system, we have hith-
erto paid much more attention to the trapping of possible
new conformations, for example, 4e+2a and 5e+1a. In the
present work, through judicious choice of different hydro-
thermal reaction conditions, we have successfully obtained
seven novel Cd-L coordination frameworks, namely [Cd12-
ACHTUNGTRENNUNG(m6-L


II) ACHTUNGTRENNUNG(m10-L
II)3ACHTUNGTRENNUNG(m-H2O)6 ACHTUNGTRENNUNG(H2O)6]·16.5H2O (1), Na12ACHTUNGTRENNUNG[Cd6ACHTUNGTRENNUNG(m6-


LII)ACHTUNGTRENNUNG(m6-L
III)3]·27H2O (2), [Cd3ACHTUNGTRENNUNG(m13-L


II)ACHTUNGTRENNUNG(m-H2O)] (3), [Cd3ACHTUNGTRENNUNG(m6-
LIII)ACHTUNGTRENNUNG(2,2’-bpy)3ACHTUNGTRENNUNG(H2O)3]·3.5H2O (4), [Cd4 ACHTUNGTRENNUNG(m4-L


VI)2(4,4’-Hbpy)4-
ACHTUNGTRENNUNG(4,4’-bpy)2ACHTUNGTRENNUNG(H2O)4]·9.5H2O (5), [Cd2ACHTUNGTRENNUNG(m6-L


II)(4,4’-Hbpy)2-
ACHTUNGTRENNUNG(H2O)10]·5H2O (6), and [Cd3ACHTUNGTRENNUNG(m11-L


VI) ACHTUNGTRENNUNG(H2O)3] (7). Mean-
while, four metal-organic frameworks with paramagnetic
metal ions, [M3 ACHTUNGTRENNUNG(m9-L


II) ACHTUNGTRENNUNG(H2O)6] (M=Mn (8), Fe (9), and Ni
(10)) and [Ni4ACHTUNGTRENNUNG(m3-OH)2ACHTUNGTRENNUNG(m10-L


II)ACHTUNGTRENNUNG(4,4’-bpy) ACHTUNGTRENNUNG(H2O)4]·4H2O (11),
have also been synthesized. Moreover, two new copper co-
ordination polymers have been obtained from the same re-
action, green block-shaped crystals of [{CuII2ACHTUNGTRENNUNG(m4-L


II)ACHTUNGTRENNUNG(H2O)4}-
ACHTUNGTRENNUNG{CuI2ACHTUNGTRENNUNG(4,4’-bpy)2}] (12a) and green prismatic crystals of [Cu-
ACHTUNGTRENNUNG(Hbtc)ACHTUNGTRENNUNG(4,4’-bpy) ACHTUNGTRENNUNG(H2O)]·3H2O (H3btc=1,3,5-benzenetricar-
boxylic acid) (12b). The Hbtc2� ligand observed in 12b was
formed in situ from the H6L ligand, which may help in un-
derstanding the conformational transformations of the H6L


I


ligand during its reaction processes.


Results and Discussion


Theoretical calculations on the free H6L ligand in different
conformations : Table S1 in the Supporting Information
shows that the conformation LV is the most stable among
the six conformations, which can be rationalized in terms of
the formation of a large intramolecular ring of hydrogen
bonds involving five -COOH groups. Conformation LI is
33.5 and 24.6 kJmol�1 less stable than LII and LIII, respec-
tively. Conformation LII is the second most stable conforma-
tion and conformation LIII is only about 9 kJmol�1 less
stable than LII. Obviously, the transformations from LI to LII


and from LI to LIII should be thermodynamically permitted,


Scheme 1. Possible conformations (I–VI) of the H6L ligand.
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which is in good agreement with the experimental finding
that complexes of LII and LIII can be easily obtained at
lower temperature (130 8C). Conformation LVI is 13 kJmol�1


more stable than LI and less stable than LII and LIII. There-
fore, specific conditions, such as higher temperature (160–
180 8C) and the addition of 4,4’-bpy, are required to obtain
complexes of conformation LVI. Conformation LIV is
5 kJmol�1 higher in energy than LI, which indicates that the
transformation from LI to LIV is thermodynamically restrict-
ed, and, indeed, complexes of this conformation could not
be obtained from LI experimentally. The reason why no
complex of LV could be obtained from LI may be because
the hydrogen bonds were destroyed and the conformation
was transformed to other forms upon coordination to Cd2+ .


Description of the crystal structures


2D/3D CdII-carboxylate metal-organic frameworks 1–7:
Complexes 1 and 2 are composed of 3D metal-organic
frameworks (MOFs) with nanoscale cages, and have been
reported in our previous work.[8c] In the framework of 1, the
LII ligands derived from LI adopt two types of bridging
modes, m6-L


II and m10-L
II, in a 1:3 ratio (Figure 1a,b). Six m10-


LII and two m6-L
II bridge thirty CdII atoms to generate a


nanoscale Cd36L
II
8 cage of hexagonal prism shape of dimen-


sions 22.96M12.81M12.81 N3. Each cage connects six neigh-
boring ones to generate a novel 3D MOF (Figure 1c). Be-
sides the LII conformation, a new conformation, LIII, also de-
rived from LI, is trapped in 2 (Figure 2a,b). This is presuma-
bly because of the introduction of NaI atoms, which are di-
rectly linked to the neighboring carboxylates within the
cages, resulting in different coordination environments of
the CdII atoms from those found for 1. Both the LII and LIII


ligands adopt m6-bridging modes and are present in a 1:3
ratio, connecting the hexagonal prism shaped cages of di-
mensions 13.04M13.04M10.49 N3 to form a 3D MOF (Fig-
ure 2c). An analysis using PLATON[10] suggested that the
total void volumes of 1 and 2 without water guests, Vvoid, ac-
counted for 23.9% and 23.1% of the crystal volumes, re-
spectively. The water guests are located in these cages and
interact with the MOF host through multiple hydrogen-
bonding interactions.
At a higher temperature of 180 8C, a structurally different


3D framework was formed in 3 without the addition of
NaOH. A single-crystal X-ray diffraction study revealed
that 3 consists of an infinite 3D coordination polymer that
recrystallizes in the space group P1̄. The asymmetric unit
contains three Cd atoms, one deprotonated LII ligand, and
one coordinated water molecule (Figure 3a). Cd1 adopts a
slightly distorted octahedral geometry, coordinated by four
carboxylate oxygen atoms from different LII ligands in the
equatorial plane (Cd–O 2.186(5)–2.310(4) N), and one car-
boxylate atom and a bridging water molecule (Cd–O
2.512(4) and 2.568(5) N) in the axial positions. Cd2 also has
a distorted octahedral geometry, being surrounded by five
carboxylate oxygen atoms and a bridging water molecule
(Cd–O 2.165(5)–2.355(5) N). Cd3 adopts a distorted trigo-


nal-bipyrimidal geometry, being coordinated by five carbox-
ylate oxygen atoms (Cd–O 2.174(5)–2.408(4) N). All of the
carboxylate groups of LII lie in the equatorial positions of
the cyclohexane ring, so that the ligand connects thirteen Cd
atoms through its six m-h1:h1 and m4-h


2:h2 carboxylate groups.
A 3D condensed framework is thus generated by the con-
nection of the m13-L


II ligands and the bridging water mole-
cules through the cadmium ions (Figure 3b).
In the presence of 2,2’-bpy as an auxiliary ligand, complex


4 with a 2D layered structure was isolated and a new confor-
mation, LIII, of the ligand L was successfully trapped. X-ray
crystallography showed that there are three crystallographi-
cally independent Cd atoms, one LIII ligand derived from
the LI conformation, three coordinated water molecules,


Figure 1. a) ORTEP drawing of the coordination environments of the Cd
atoms with thermal ellipsoids at the 50% probability level. Perspective
views of b) the coordination mode of the LII ligand, and c) the 3D MOF
with nanoscale cages along the c axis in 1.
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and three-and-a-half disordered lattice water molecules in
the structural unit (Figure 4a). Both Cd1 and Cd2 are coor-
dinated by three carboxylate oxygen atoms, one water mole-
cule, and two nitrogen atoms in distorted octahedral envi-
ronments (Cd–O 2.173(10)–2.475(11) N, Cd–N 2.302(15)–
2.344(12) N). Cd3 adopts a pentagonal-bipyramidal geome-
try, coordinated by four carboxylate oxygen atoms, one
water molecule, and two nitrogen atoms (Cd–O 2.284(10)–
2.575(10 N, Cd–N 2.327(13) and 2.374(13) N). In the new
conformation LIII, the ligand adopts a m6-bridging mode con-
necting six Cd atoms through its one monodentate and four
chelating e-carboxylate groups and one monodentate a-car-
boxylate group. The m6-bridging LIII ligands link the Cd
atoms so as to form 2D porous layers (Figure 4b), which are


further connected to form a 3D supramolecular porous net-
work occupied by lattice water molecules through p–p inter-
actions (3.6 N) of the 2,2’-bpy ligands and hydrogen bonds
between the water molecules and carboxylate groups (Fig-
ure 4c).
When the auxiliary chelating ligand 2,2’-bpy was replaced


by the divergent bridging ligand 4,4’-bpy, three new com-
plexes, 5, 6, and 7, were obtained under similar hydrother-
mal conditions (Scheme 2). The reaction of CdACHTUNGTRENNUNG(NO3)2·4H2O,
H6L


I·H2O, and 4,4’-bpy in a 5:1:5 molar ratio at 160 8C re-
sulted in a complicated 3D coordination framework of 5.
The asymmetric unit contains four crystallographically inde-
pendent Cd atoms, two LVI ligands, two bridging 4,4’-bpy,


Figure 2. a) ORTEP drawing of the coordination environments of the Cd
atoms with thermal ellipsoids at the 50% probability level. Perspective
views of b) the coordination mode of the LII and LIII ligands, and c) the
3D MOF with nanoscale cages along the c axis in 2.


Figure 3. a) ORTEP drawing of the coordination environments of the Cd
atoms and the coordination mode of the LII ligand with thermal ellipsoids
at the 50% probability level. b) Polyhedron view of the 3D condensed
network in 3.


Scheme 2. Summary of the hydrothermal conditions in the preparation of
1–7.
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four monoprotonated 4,4’-Hbpy, four coordinated water
molecules, and nine-and-a-half disordered water molecules.
Cd1, Cd2, and Cd3 adopt pentagonal-bipyramidal geome-
tries coordinated by four carboxylate oxygen atoms, one
water molecule, and two nitrogen atoms (Cd–O 2.272(9)–
2.606(11) N, Cd–N 2.296(10)–2.352(10) N). Cd4 is in a dis-
torted octahedral environment surrounded by three carbox-
ylate oxygen atoms, one water molecule, and two nitrogen
atoms (Cd–O 2.199(12)–2.447(9) N, Cd–N 2.326(9) and
2.357(9) N) (Figure 5a). Similar to complex 4 with LIII, not
LVI in 4, the LI ligands were transformed in situ to the LVI


form, which has two different m4-bridging modes. In the first
m4-bridging LVI ligand, four of the carboxylate groups adopt
the chelating mode. In the second LVI ligand, three of the


five e-carboxylate groups adopt the chelating mode and the
a-carboxylate group adopts a monodentate mode (Fig-
ure 5b). The m4-L


VI ligands connect the Cd atoms to form a
2D porous layer lying in the ac plane, which is further ex-
tended through bridging 4,4’-bpy ligands to form a 3D coor-
dination framework with 1D rectangular channels extending
along the b axis (Figure 5c). It should be noted that the
monodentate protonated 4,4’-Hbpy ligands extend into the
rectangular channels and occupy the cavities. Only a little
effective space is available for the lattice water molecules
(Figure 5d).
A different structure, 6, was obtained when the molar


ratio of CdACHTUNGTRENNUNG(NO3)2·4H2O, H6L
I·H2O, and 4,4’-bpy was


changed from 5:1:5 to 5:1:2 under similar reaction condi-
tions at 175 8C. The LI conformation was converted to the
LII form rather than the LVI form as in 5. X-ray crystal struc-
ture analysis showed there to be one crystallographically in-
dependent Cd atom, an LII ligand that lies across a twofold
axis, one monodentate protonated 4,4’-Hbpy, and ten disor-
dered water molecules in the structural unit. Cd1 is coordi-
nated by four oxygen atoms from the carboxylate groups
and two monodentate monoprotonated 4,4’-Hbpy ligands in
a distorted octahedral environment (Figure 6a). The LII li-
gands adopt a m6-bridging mode through two monodentate
and four chelating carboxylate groups, connecting the Cd
atoms into a 2D coordination layer that lies in the ac plane
(Figure 6b). To achieve charge balance in such a weakly
acidic environment, the non-coordinated nitrogen atom of
the 4,4’-bpy ligand must be protonated, as is found in many
other compounds.[11] The monodentate protonated 4,4’-Hbpy
ligands are arranged vertically above and below the layer
and link the adjacent layers into a 3D supramolecular net-
work (Figure 6c) through hydrogen bonds between the pro-
tonated 4,4’-Hbpy and carboxylate groups (N2···O4i
2.711 N, N2–H2N···O4i 1288, N2···O5i 2.893 N, N2–
H2N···O5i 1368 ; i : �1/4+x, 1/4�y, 3/4+z). All of the lattice
water molecules are located in the channels along the b axis,
forming multiple hydrogen bonds with the carboxylate
groups.
On further decreasing the amount of the auxiliary ligand


4,4’-bpy, a similar reaction resulted in another new product
complex, 7, at higher temperature. The LI ligand conforma-
tion is transformed to the LVI form, similar to that found in
5. To our surprise, no 4,4’-bpy was found to be included in
the final structure of 7, neither as a ligand coordinated to
the metal center nor as a guest molecule within the chan-
nels. However, the presence of 4,4’-bpy in the reaction
system is essential for the formation of complex 7. Without
4,4’-bpy, only complex 3 was obtained. X-ray crystallography
showed the structure of 7 to be a 3D condensed framework
containing three crystallographically independent Cd atoms,
one LVI ligand, and three coordinated water molecules in
the asymmetric unit. Cd1 and Cd2 adopt octahedral geome-
tries, being coordinated by five carboxylate oxygen atoms
and one water molecule (Cd–O 2.198(6)–2.460(5) N), while
Cd3 is in a distorted pentagonal-bipyramidal environment
surrounded by six carboxylate oxygen atoms and one water


Figure 4. a) ORTEP drawing of the coordination environments of the Cd
atoms and the coordination mode of the LIII ligand with thermal ellip-
soids at the 50% probability level. Polyhedron view of b) the 2D porous
layer, and c) the porous supramolecular network with lattice water mole-
cules in 4.
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molecule (Cd–O 2.260(5)–2.519(5) N). The ligands in con-
formation LVI adopt a m11-bridging mode, connecting eleven
Cd atoms through five m-h1:h1, m-h1:h2, and m-h0 :h2 e-carbox-
ylate groups and one distinct m3-h


1:h2 a-carboxylate group
(Figure 7a). A 3D ordered coordination framework is gener-
ated by the connection of m11-L


VI ligands and cadmium ions
(Figure 7b).


3D magnetic metal-organic frameworks 8–11: When the par-
amagnetic metal ions MnII, FeII, and NiII were used instead
of CdII ions, three isostructural 3D frameworks, 8, 9, and 10,
were formed under similar reaction conditions. Here, the
structure of 8 is discussed in detail as a representative exam-
ple. X-ray structural analysis revealed that 8 recrystallizes in


the trigonal R3̄ space group.
The asymmetric unit contains
one crystallographically unique
Mn atom in a general position,
one unique LII ligand lying
across a threefold axis, and two
coordinated water molecules.
Each Mn atom is coordinated
in an octahedral geometry by
four carboxylate oxygen atoms
from three LII ligands and two
water molecules (Mn–O
2.153(2)–2.226(2) N). Each LII


ligand connects nine Mn atoms
through its six carboxylate
groups in a syn–anti bridging
mode (Figure 8a). A 3D metal-
organic framework is thereby
generated by the Mn–carboxyl-
ate coordination (Figure 8b).
Moreover, if we neglect the cy-
clohexane rings, from the view-
point of the magnetic superex-
change pathway, each metal
(M=Mn, Fe, Ni) atom is con-
nected by four syn–anti m-car-
boxylate bridges to form a 3D
tetrahedrally connected M–M
net. It should be noted that 8–
10 are isostructural with our re-
cently reported cobalt-L com-
pound.[8b]


When the auxiliary ligands
2,2’-bpy or 4,4’-bpy are intro-
duced into the reaction systems
with MnII and FeII ions, the
same phases of 8 and 9 are
always obtained. This is also
the case when 2,2’-bpy is added
to the Ni-LI reaction mixture
and the same phase of 10 is
formed. The 2,2’-bpy seems to
have little influence on the con-


struction of the frameworks in this specific reaction. Howev-
er, when 4,4’-bpy is added to a mixture of nickel acetate and
H6L


I, a new coordination framework, 11, is formed.
X-ray crystallography has shown that the framework


structure of 11 is constructed from chair-shaped tetranuclear
Ni4ACHTUNGTRENNUNG(m3-OH)2 secondary building units (SBUs), each of which
is composed of four octahedral Ni atoms connected by two
m3-OH groups (Ni1–O 2.055(4) N and Ni2–O 2.040(4) N).
The octahedral coordination geometry of Ni1 is completed
by three carboxylate oxygen atoms from different LII li-
gands, one oxygen atom from the m3-OH, and one water
molecule (Ni–O 2.018(4)–2.122(4) N). Ni2 is surrounded by
three carboxylate oxygen atoms from the LII ligands, one m3-
OH, one nitrogen atom from 4,4’-bpy, and one water mole-


Figure 5. a) ORTEP drawing of the coordination environments of the Cd atoms with thermal ellipsoids at the
50% probability level. Perspective views of b) the coordination mode of the LVI ligand, c) the 2D porous layer,
and d) the 3D porous network filled with monodentate Hbpy along the b axis in 5 (some of the Hbpy mole-
cules have been omitted for clarity).
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cule (Ni–O 2.040(4)–2.115(4) N, Ni-N=2.060(5) N) (Fig-
ure 9a). The ligand in conformation LII adopts a m10-bridging
mode connecting ten Ni atoms through six m-h1:h1 and m-
h0 :h2 e-carboxylate groups (Figure 9b). Each Ni4 ACHTUNGTRENNUNG(m3-OH)2
SBU links four LII ligands and each LII ligand connects to
four tetranuclear SBUs (Figure 9c,d), resulting in a (4,4)-
layer if the SBUs and LII ligand are considered as four-con-
nected nodes (Figure 9e,f). The 4,4’-bpy ligands coordinated
to the Ni2 atoms bridge the layers to form a 3D coordina-
tion framework with 1D channels extending along the c axis
(Figure 9g) and the b axis (Figure 9h). An analysis using
PLATON[10] suggested that the channels occupy 44.9% of
the crystal volume for 11. The lattice water molecules are lo-
cated within these channels, forming hydrogen bonds to the
carboxylate groups. The calculated crystal density (in the ab-


sence of guests) of 1.280 gcm�3 is comparable to those
found for some low-density porous MOF materials.[12]


From a topological point of view, the 3D framework in 11
is a rare, elegant example of nets with four- and six-connect-
ed nodes. As pointed out by Shrstrçm and Larsson,[13a] nets
with regular four (square-planar, tetrahedral, or trigonal
prismatic)- and six (octahedral)-connected nodes are rare in
the field of molecular-based nets, though the important nets
with tetrahedral and octahedral nodes have long been
known in inorganic-type structures, such as corundum
(Al2O3). More particularly, all known MOF nets are based
on more or less distorted tetrahedral and octahedral
nodes.[13a] The network of 11 has an fsc topology,[13b] as
shown schematically in Figure 9i). The long topological
(OUKeeffe) vertex symbol is 4.4.4.4.62.62 and
4.4.4.4.65.65.65.65.65.65.65.65.*.*.* for the square-planar and oc-
tahedral nodes, respectively, giving the short vertex symbol
(44.610.8)ACHTUNGTRENNUNG(44.62). To the best of our knowledge, only one ex-
ample of the fsc topology has very recently been observed
by Feng and co-workers in two intriguing isomeric [(CuI)7-
ACHTUNGTRENNUNG(DABCO)2.5] (DABCO=1,4-diazabicycloACHTUNGTRENNUNG[2.2.2]octane)
frameworks.[13c] What interests us in particular is that the fsc
topology is clearly different from the fsg net.[13a] The fsg net
is a hypothetical net (of which no real example has yet been
found) that has the same packing of the nodes as the primi-
tive cubic packing (pcu) net but with two links removed per
node in every second layer, which has the long topological


Figure 6. a) ORTEP drawing of the coordination environments of the Cd
atoms and the coordination mode of the LII ligand (with thermal ellip-
soids at the 50% probability level), b) view of the 2D coordination layer,
c) space-filling view of the 3D supramolecular network along the b axis
in 6.


Figure 7. a) ORTEP drawing of the coordination environments of the Cd
atoms and the coordination mode of the LVI ligand with thermal ellip-
soids at the 50% probability level, and b) perspective view of the 3D co-
ordination network along the a axis in 7.
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(OUKeeffe) vertex symbol of 4.4.4.4.62.* and
4.4.4.4.4.4.4.4.6.6.6.6.6.*.*.* for the square-planar and octa-
hedral nodes, respectively, giving the short vertex symbol
(44.62) ACHTUNGTRENNUNG(48.67). A related net with tetrahedral and octahedral
nodes has previously been prepared by Batten and co-work-
ers.[14c]


1D/2D CuI/CuII coordination polymers 12a and 12b : When
the relatively active metal ion CuII was employed in the re-
action system, two different phases, the 1D chain-based
mixed-valence CuI,II complex 12a and the 2D layer-based
porous framework 12b, were obtained at the same time. X-
ray crystal structure analysis of 12a showed there to be two
different parts in the asymmetric unit. One part is the CuII


unit, which comprises one CuII atom, one unique LII ligand
lying across a twofold axis, and two coordinated water mole-
cules. The other is the CuI unit, which comprises one CuI


atom and one 4,4’-bpy ligand. The CuII atom adopts a tet-
ragonal-pyramidal geometry, being coordinated by three car-
boxylate oxygen atoms from different LII ligands and two
water molecules (CuII–O=1.940(2)–2.265(3) N), while the
CuI atom is in an almost linear geometry, being coordinated
by two nitrogen atoms from the 4,4’-bpy ligands (CuII–N


1.907(3) and 1.910(3) N) (Figure 10a). Notably, the N-Cu-N
angle of 166.48(12)8 is smaller than 1808 due to a weak coor-
dinating interaction between the CuI atom and two carbox-
ylate oxygen atoms of the CuII unit (CuI–O 2.683 and
2.868 N). The LII ligands derived from LI ligands adopt a m4-
bridging mode through their monodentate carboxylate
groups, linking the CuII atoms into a 1D chain that extends
along the a axis (Figure 10b), while the 4,4’-bpy ligands also
connect the CuI atoms to form a 1D chain along the a axis.
Two CuI-4,4’-bpy chains are arranged on either side of the
CuII–L chain to form a sandwich-like band structure through
weak coordinating interactions between the CuI and the car-
boxylate groups (Figure 10c). A 3D supramolecular network
is generated by p–p interactions and hydrogen bonds.
Complex 12b is a layer-based framework containing one


CuII atom, one monoprotonated Hbtc2� ligand generated in
situ from the LI ligand, one 4,4’-bpy, and one coordinated
and three lattice water molecules (Figure 11a). The CuII


atom is coordinated by two carboxylate oxygen atoms from
different Hbtc2� ligands, two nitrogen atoms from two 4,4’-
bpy ligands, and one aqua ligand in a tetragonal-pyramidal
geometry (CuII–O 1.957(7)–2.303(8) N, CuII–N 2.017(8) and
2.039(8) N). The mixed m2-bridging Hbtc


2� and 4,4’-bpy li-
gands connect the CuII atoms so as to form a 2D porous
(4,4) grid layer (Figure 11b), which is further linked into a
3D supramolecular framework with two-dimensional chan-
nels extending along the directions of the a and c axes, re-
spectively. These channels are occupied by lattice water mol-
ecules (Figure 11c).


Synthesis and ligand conformational transformation mecha-
nism : In the rational design and synthesis of metal-organic
coordination compounds, several factors should always be
taken into consideration, such as the coordination properties
of the metal ions, the functionality/flexibility/symmetry of
the organic ligands, and the template effect of the structure-
directing agents.[14] Small changes in one or more of these
parameters can have a profound influence on the final prod-
ucts of the reaction. Complexes 1–7 were hydrothermally
synthesized from CdII salts in the temperature range 130–
180 8C under different reaction conditions, as summarized in
Scheme 1. Complexes 1 and 2 are 3D frameworks with
nanoscale cages that were obtained at 130 8C.[8c] The ligand
L in 1 undergoes a conformational transformation from I to
II in slightly acidic solution, while it converts from I to II
and III in 2 in basic solution using NaOH to adjust the pH
value. Notably, the same product, 2, could also be obtained
at 150, 160, and 180 8C. However, the use of other bases,
such as LiOH, KOH, or Et3N, in the above reaction system
does not afford phase 2, suggesting that the NaI cation has
an appropriate radius such that can act as a template in di-
recting the construction of the 3D framework of 2, thereby
stabilizing the new intermediate conformation III. When a
similar reaction was conducted without the addition of
NaOH at a higher temperature of 180 8C, a 3D condensed
framework of 3 was obtained, which has the same II confor-
mation as observed in complex 1.


Figure 8. a) ORTEP drawing of the coordination environments of the Mn
atoms and the coordination mode of the LII ligand (with thermal ellip-
soids at the 50% probability level), and b) polyhedron view of the 3D co-
ordination network along the c axis in 8.
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Figure 9. a) ORTEP drawing of the coordination environments of the Ni atoms (with thermal ellipsoids at the 50% probability level). Perspective views
of b) the coordination mode of the LII ligand, c) the 4-connected tetranuclear unit surrounded by four LII ligands, d) the 4-connected LII ligand surround-
ed by four tetranuclear clusters. Top views of e) the 2D coordination layer and f) the (4,4) topological layer. Polyhedron views of the 4,4’-bpy pillared 3D
microporous framework along the g) c axis and h) b axis in 11. i) The rare example of 3D binodal nets with square-planar and octahedral nodes in 11.
The pale-grey spheres represent LII ligands as the 4-connected nodes, while the light-green spheres represent the centers of mass of Ni4(OH)2 units as
the 6-connected nodes. The 4,4’-bpy ligands are represented by light-green bold lines.


www.chemeurj.org I 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 7218 – 72357226


M.-L. Tong et al.



www.chemeurj.org





The introduction of auxiliary N-donor ligands changes the
coordination behavior of the metal ions towards the carbox-
ylate groups and thus has a subtle influence on both molecu-
lar arrangement and framework packing, and possibly the
ligand conformations as well. When the chelating ligand
2,2’-bpy was added to the reaction system, a 3D supramolec-
ular framework of 4 was obtained, in which the conforma-
tion of L is transformed from I to III (4e+2a). The divergent
bridging ligand 4,4’-bpy apparently has a more profound in-
fluence on the framework construction and ligand confor-
mational conversion. The reactions of CdACHTUNGTRENNUNG(NO3)2·4H2O,
H6L


I·H2O, and 4,4’-bpy in molar ratios of 5:1:5, 5:1:2, and
5:1:1 at 160–180 8C resulted in different frameworks of 5, 6,
and 7. Interestingly, the addition of different stoichiometries
of 4,4’-bpy leads to different architectures, 3D coordination
framework 5, 3D supramolecular framework 6, and 3D con-
densed framework 7. Moreover, in the absence of 4,4’-bpy, it
is not complex 7 with the LVI conformation but complex 3
with the LII conformation that is obtained, illustrating that
the 4,4’-bpy ligand plays an important role in the formation
of 7 and in determining the ligand conformation, even
though it is not incorporated in the final framework. It
should be noted that complexes 4, 5, and 7 with the LIII/LVI


ligand conformation are obtained in very low yields, which
may be due to the low conformational conversion rate from


the LII to the LIII/LVI forms. It is very difficult to separate
the microcrystal phase from the powder in high yields.
Furthermore, when other metal ions such as CoII,[8b] MnII,


FeII, and NiII were chosen to react with the ligand L at dif-
ferent temperatures, only the isostructural phases 8, 9, and
10 were obtained, which may be due to their stable con-
densed coordination frameworks. The introduction of the
auxiliary ligand 4,4’-bpy in the reactions has almost negligi-
ble effect on the products obtained with MnII and FeII, while
a new Ni-L-4,4’-bpy coordination framework 11 was ob-
tained when 4,4’-bpy was added to the reaction mixture. No-
tably, all of the ligands L in these four complexes adopt the
LII conformation. Compared with complexes 8–11, the large
atomic radius and versatile coordination geometries of the
CdII ion in compounds 1–7 may be helpful for the stabiliza-
tion and separation of the various conformations of L.[7f]


Since so many conformations of the 1,2,3,4,5,6-cyclohexa-
nehexacarboxylate ligands have been trapped in metal-or-


Figure 10. a) ORTEP drawing of the coordination environments of the
Cu atoms and the coordination mode of the LII ligand (with thermal el-
lipsoids at the 50% probability level). Perspective views of b) the 1D
CuII-L chain, and c) the sandwich chain composed of two CuI-bpy chains
and one CuII-L chain along the a axis in 12a.


Figure 11. a) ORTEP drawing of the coordination environment of the Cu
atom and the coordination mode of the Hbtc2� ligand (with thermal ellip-
soids at the 50% probability level). Perspective views of b) the 3D
porous framework with lattice water molecules based on a 2D coordina-
tion layer along the a axis, and c) the arrangement of the 2D layers in
AB fashion viewed along the c axis in 12b.
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ganic framework structures
under hydrothermal conditions,
the question arose as to how
this happened and by what re-
action mechanism. According
to the literature,[7e,f] the three
conformations of 1,4-cyclohexa-
nedicarboxylic acid (1,4-
H2chdc) can be interconverted
in a reversible equilibrium. This
may be because the a-protons
attached to the 1,4-carbons of
cyclohexane can be easily re-
moved, which will accelerate
the interconversion equilibrium between the different con-
formations.[15] However, this is only a hypothetical mecha-
nism. The details of the reaction mechanism and intermedi-
ates need further clarification. It may be possible to trap
and stabilize some of the proposed intermediates in crystal-
line states through coordination to metal ions or other
supramolecular interactions, with appropriate selection and
control of the reaction temperature, time, and medium.[16]


Inspired by our previous work,[3,13] we chose the relatively
reactive and catalytically active metal ion CuII,[17] hoping to
trap the intermediates of the conformational transformation
through its coordination. As expected, the reaction of Cu-
ACHTUNGTRENNUNG(OAc)2·H2O, H6L


I·H2O, and 4,4’-bpy in a molar ratio of
5:1:5 resulted in two different crystalline phases, green
block-shaped crystals of 12a and green prismatic crystals of
12b. In 12a, the conformation of the ligand L is trans-
formed from the LI to the LII form, while in 12b it is oxi-
dized to 1,3,5-benzenetricarboxylate. The successful isola-
tion of complexes 12a and 12b possibly provides some
structural evidence for the proposed conformational trans-
formation mechanism. As far as the conformations of the
cyclohexanehexacarboxylate ligand are concerned, we spec-
ulate that the approach of a metal ion to L can activate the
a-protons on the ligand, leading to their removal, with the
formation a metastable state L*, similar to benzenehexacar-
boxylate, under the hydrothermal conditions (Scheme 3).
The carboxylate groups rapidly adopt their optimal positions
and coordinate to the metal ions. The a-protons return to
their corresponding positions to form the final conformation
of the ligand L in the frameworks. The reaction mechanism
for the formation of 12b may differ from that leading to the
other compounds 1–12a and involve removal of the a-pro-
tons and rapid decarboxylation at the 1,3,5-positions of L*
due to steric hindrance, leading to the formation of benze-
netricarboxylate. Under such circumstances, CuII acts as an
essential oxidant in the reaction, as illustrated previously.[3,4]


Thermogravimetric analysis : Thermogravimetric (TG) anal-
yses were carried out to examine the thermal stabilities of
the complexes 1–3 and 8–11. Phase purity of the bulk mate-
rials was confirmed by comparison of their powder diffrac-
tion (XRPD) patterns with those calculated from single-
crystal X-ray diffraction studies (Figure S1 in the Supporting


Information). Samples were heated in air to 600 8C. Ther-
mogravimetric analysis (TGA) of 1 showed that the lattice
water molecules are removed in two steps (Figure 12a). The
first weight loss of 5.4% between 20 and 120 8C corresponds
to ten water molecules (calculated: 5.6%), and the second
4.0% weight loss between 120 and 170 8C corresponds to
the remaining water molecules (calculated: 3.9%). The


Figure 12. a) Thermogravimetric analysis (TGA) curves. b) Variable-tem-
perature XRPD measurement of 1.


Scheme 3. Possible reaction mechanism of the conformational transformation of the H6L
I ligand under hydro-


thermal conditions.
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twelve coordinated water molecules are gradually removed
up to 400 8C (found: 6.5%, calculated: 6.4%). The frame-
work starts to decompose on approaching 400 8C. The ther-
mal stability was also confirmed by variable-temperature
XRPD measurements (Figure 12b). Between 70 and 170 8C,
the diffraction intensity of most peaks decreases, but the po-
sitions of the peaks remain the same upon gradual release
of the guest water molecules, indicating that the framework
remains intact. In comparison, the TGA curve of 2 (Fig-
ure 13a) indicates that the water molecules coordinated to


NaI are removed in a stepwise manner at up to 415 8C, and
that the MOF begins to decompose beyond 460 8C. Varia-
ble-temperature XRPD measurements (Figure 13b) showed
that there is an apparent shift for the sharp diffraction peaks
from 10 to 128 upon the removal of about seven water mole-
cules at 100 8C. This may be attributed to a local deforma-
tion of the coordination environments of the Cd atoms as a
result of enhanced Na–carboxylate coordination when the


water ligands coordinated to NaI are gradually released
from the cages. Most diffraction peaks persisted up to
280 8C, after which the mother framework began to collapse.
In contrast to the former two porous complexes, 3 is a
highly stable condensed framework. No coordinated water
molecule was removed up to 350 8C, and the framework
began to decompose at around 400 8C (Figure 14). Com-
plexes 8–10 have the same framework connectivity and simi-
lar thermal stabilities (Figure 15a–c). Only complex 8 is dis-
cussed here. A rapid weight loss of 14.5% between 155 and
265 8C and a slower loss of 2.9% between 265 and 415 8C
are in accordance with the loss of six coordinated water
molecules per formula unit (calculated: 17.6%), while the
ensuing weight loss from 420 8C corresponds to the removal
of all of the organic components to yield MnO2 (found:
41.3%; calculated: 42.3%). Complex 11 with lattice water
molecules in the porous framework is less stable (Fig-
ure 15d). The first weight loss of 8.3% between room tem-
perature and 78 8C corresponds to the loss of the four lattice
water molecules (calculated: 7.9%). Four coordinated water
molecules (calculated: 7.9%) were gradually removed up to
180 8C, accounting for the second weight loss of 8.5%. After
a stable stage in the range 180 to 280 8C without any weight
loss, the 3D porous framework decomposed completely
beyond 370 8C.


Magnetic properties : The magnetic properties of 8–11 were
investigated over the temperature range 2–300 K
(Figure 16). For 8, the room temperature cT value per MnII


ion is 4.297 cm3mol�1K, which is close to the spin-only
value (4.375 cm3mol�1K). The c(T) data in the range 20–
300 K were fitted to the Curie–Weiss law c(T) = C/ ACHTUNGTRENNUNG(T�q)
with a Weiss constant of q=�9.04 K and a Curie constant
of C=4.48 cm3mol�1K (Figure 16a), indicating a weak anti-
ferromagnetic coupling between the MnII S=5/2 spins
through the syn–anti carboxylate bridges. Based on the 3D
network connectivity (Figure 8b), only one effective magnet-
ic exchange pathway is present within the net through the
syn–anti carboxylate bridges, with the shortest Mn···Mn dis-
tance being 4.90 N.


Figure 13. a) Thermogravimetric analysis (TGA) curves. b) Variable-tem-
perature XRPD measurement of 2.


Figure 14. Thermogravimetric analysis (TGA) curve of 3.
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For 9, the room temperature cT value per FeII ion is
3.654 cm3mol�1K, which is close to the expected spin-only
value (3 cm3mol�1K) (Figure 16b). The c(T) data in the


range 10–300 K were fitted to the Curie–Weiss law cT = C/ ACHTUNG-
TRENNUNG(T�q) with a Weiss constant of q = �6.64 K and a Curie
constant of C=3.75 cm3mol�1K, indicating a relatively
weak antiferromagnetic coupling between the FeII S=2
spins through the syn–anti carboxylate bridges, with the
shortest Fe···Fe distance being 5.15 N.
For 10, the room temperature cT value per NiII ion is


1.43 cm3mol�1K, which is slightly higher than the expected
spin-only value (1 cm3mol�1K) (Figure 16c). As T is low-
ered, cMT increases continuously to a maximum value of
1.50 cm3mol�1K at 23 K, and then rapidly decreases to a
minimum value of 0.54 cm3mol�1K, indicating weak ferro-
magnetic coupling between the NiII S=1 spins through the


Figure 15. Thermogravimetric analysis (TGA) curves of a) 8, b) 9, c) 10,
and d) 11.


Figure 16. Temperature dependence of cMT (left) and c�1 (right) for a) 8,
b) 9, and c) 10.
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syn–anti carboxylate bridges. The c(T) data in the range 10–
300 K were fitted to the Curie–Weiss law c(T) = C/ ACHTUNGTRENNUNG(T�q)
with a Curie constant of C=1.42 cm3mol�1K and a Weiss
constant of q=0.46 K. There is only one effective magnetic
exchange pathway present within the 3D net through the
syn–anti carboxylate bridges, similar to those found in 8 and
9. However, complex 10 exhibits ferromagnetic exchange,
which differs from complexes 8 and 9, in which there are an-
tiferromagnetic interactions. This may be because the syn–
anti carboxylate bridges can sometimes exchange ferromag-
netic coupling.
Magnetic susceptibility versus temperature data (2–300 K)


were collected at 0.2 T for 11. The c(T) data in the range
50–300 K were fitted to the Curie–Weiss law c(T)=C/ ACHTUNGTRENNUNG(T�q)
with a Weiss constant of q=�30.36 K and a Curie constant
of C=5.76 cm3mol�1K. The room temperature cT value per
NiII4 unit is 5.24 cm


3mol�1K, which is slightly higher than
the expected cT spin-only value (4 cm3mol�1K). As T is
lowered, cMT decreases continuously to a value of
0.672 cm3mol�1K, indicating a predominantly antiferromag-
netic coupling in the structure. Notably, besides the m3-OH
bridge, there are two other bridges between the NiII ions,
the LII carboxylate groups, and 4,4’-bpy ligands. The shortest
Ni···Ni distance of two adjacent NiII4 units through two car-
boxylate groups of L is 5.59 N, which would be expected to
permit very weak magnetic exchange coupling. The distance
between two NiII4 units across the 4,4’-bpy ligand is
16.67 N.[18] Such a long separation precludes an efficient
direct exchange between the NiII ions. Therefore, the antifer-
romagnetic interaction between NiII ions is expected to be
through the m3-OH and m2-carboxylate groups within the
chair-shaped tetranuclear Ni4 ACHTUNGTRENNUNG(m3-OH)2 units, with Ni-O-Ni
93.72(14)8, and Ni-OH-Ni 96.60(15), 97.40(15), and
125.65(18)8, respectively, angles that are comparable to
those in other tetranuclear Ni4ACHTUNGTRENNUNG(m3-OH)2 complexes.


[19]


Based on the assumption that magnetic exchange should
be negligibly small through both s-type bonds of 1,2,3,4,5,6-
cyclohexanehexacarboxylic acid and the long 4,4’-bipy
bridge, a spin Hamiltonian was postulated for one tetranu-
clear unit with Si=1 for the Ni


II centers bridged by 4,4’-bpy
ligands according to Equation (1):


H ¼ �J1ðS1 � S2 þ S1 � S3 þ S2 � S4
þ S3 � S4Þ�J2S2 � S3 þ mB


X
Si � B � gi�zjhSziT


X
Sz,i


ð1Þ


where J1 denotes the isotropic exchange constant between
the Ni1–Ni2 centers, and J2 denotes that for the Ni2–Ni3
centers (Figure 17a). The intermolecular interactions among
the Ni4 units were treated with the molecular-field parame-
ter zj. The magnetic interactions in the Ni4 unit result in 81
magnetic states labeled as jaSM> calculated in the coupled
basis set using the irreducible tensor operators technique,[20]


where a denotes the intermediate quantum numbers denot-
ing the coupling path. The thermal average of spin projec-
tion was calculated by an iterative procedure as:


hSziT ¼
X


M � expð�ei=kTÞ=
X


expð�ei=kTÞ ð2Þ


over all spin states and energy levels, resulting in:


ei ¼ e0,iðaSÞ þ mBgBM�zjhSziTM ð3Þ


where the first term corresponds to energy in zero magnetic
field, the second is the Zeeman term, and the last term re-
flects the molecular-field correction. Finally, the molar mag-
netization was calculated according to Equation (4):


Mmol ¼ �NAmBghSziT ð4Þ


The best-fit parameters were found to be J1=�11.5 cm�1,
J2=�16.3 cm�1, g=2.41, and zj/hc=�0.044 cm�1. The iso-
tropic antiferromagnetic coupling in tetranuclear NiII unit
adequately describes the magnetic behavior of 11 over the
whole temperature range as well as the isothermal magneti-
zation at T=2 K up to B=1 T (Figure 17b). Divergence in
high magnetic fields can be ascribed to the polymeric char-
acter of the compound. The reconstructed energy levels are
shown in Figure 18, with the ground state S=0 and the first
excited state S=1 separated only by 1.9 cm�1. We have tried
to improve the fitting by using 3-J parameters or adding
ZFS parameters for NiII, but without any significant success.


Figure 17. a) Scheme of the magnetic interactions among magnetic cen-
ters according to the spin Hamiltonian [Eq. (1)] for 11. b) Left: tempera-
ture dependence of the effective magnetic moment (calculated from the
magnetization at B=0.2 T), with the low-temperature region expanded
in the inset; right: field dependence of the magnetization at T=2 K. *:
experimental data, c : calculated data with the spin Hamiltonian and
parameters in the text.
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Conclusions


In summary, eleven new coordination polymers with various
architectures have been prepared to trap the intermediate
conformations of the ligand H6L by tuning the reaction con-
ditions of the hydrothermal synthesis. From the successful
isolation of these complexes with different conformations,
LII, LIII or LVI, the influence on the conformation of the
ligand L may be summarized as follows: 1) metal ions with
larger ionic radii and versatile coordination environments
have a profound influence on the conformational conver-
sions of H6L. For example, L


II, LIII, and LVI can be trapped
in Cd complexes, while only LII can be found in the Mn/Fe/
Ni complexes; 2) alkali metal ions with suitable ionic radii
may serve as structure-directing agents in the formation of
metal-organic frameworks; basification of the reaction
medium by the introduction of NaOH helps the conforma-
tional conversions of the organic ligands; and 3) the pres-
ence of the auxiliary ligands 2,2’-bpy/4,4’-bpy not only assists
in the formation of coordination frameworks, but also has
some subtle effects on the pH values of the solutions, which
may accelerate the transformation of H6L among all the var-
ious possible conformations and stabilize some meso-stable
intermediate conformations. Furthermore, the formation of
copper coordination polymers 12a and 12b may provide
some structural clues to the conformational transformation
mechanism of L involving the removal of the a-protons.
This study not only demonstrates that the variable confor-
mations of the ligand L play an important role in the con-
struction of metal-organic frameworks, but also illustrates
that the hydrothermal systems have a great effect on the
conformational transformation, opening up a new way to
study the variable conformations of flexible organic ligands.


Experimental Section


Materials and physical measurements : All of the starting materials em-
ployed were commercially available and were used as received without
further purification. C, H, and N microanalyses were carried out with an
Elementar Vario-EL CHNS elemental analyzer. FT-IR spectra were re-
corded in the range 4000–400 cm�1 from samples in KBr pellets on a
Bio-Rad FTS-7 spectrometer. X-ray powder diffraction (XRPD) intensi-
ties were measured at 293 K on a Rigaku D/max-IIIA diffractometer
(CuKa, l=1.54056 N) by scanning over the range 5–608 with a step size
of 0.18 s�1. Variable-temperature XRPD measurements were made in the
range 30–500 8C. Thermogravimetric (TG) analyses were carried out with
a NETZSCH TG209F3 thermogravimetric analyzer; samples were
heated from 20 to 600 8C at a rate of 10 8Cmin�1.


Hydrothermal synthesis : All compounds were synthesized by a hydro-
thermal method.


ACHTUNGTRENNUNG[Cd12ACHTUNGTRENNUNG(m6-L
II) ACHTUNGTRENNUNG(m10-L


II)3 ACHTUNGTRENNUNG(m-H2O)6 ACHTUNGTRENNUNG(H2O)6]·16.5H2O (1): A mixture of Cd-
ACHTUNGTRENNUNG(NO3)2·4H2O (0.308 g, 1.0 mmol) and H6L


I·H2O (0.087 g, 0.25 mmol) in
H2O (15 mL) was placed in a 25 mL Teflon reactor, which was sealed and
heated in an oven at 130 8C for 60 h. The mixture was then cooled at a
rate of about 5 8Ch�1 to give colorless block crystals of 1 as a single
phase (in ca. 78% yield based on H6L


I). The crystals were isolated by fil-
tration and washed with water. Elemental analysis calcd (%) for
C48H81O76.5Cd12 (1): C 17.84, H 2.53; found: C 18.49, H 2.41; IR (KBr,
4000–400 cm�1): ñ=3419 (s), 2972 (w), 1608 (vs), 1402 (vs), 1333 (m),
1278 (w), 1204 (w), 1082 (w), 1039 (w), 936 (w), 794 (w), 739 (w), 579
(w), 524 (w), 493 cm�1 (w).


Na12 ACHTUNGTRENNUNG[Cd6 ACHTUNGTRENNUNG(m6-L
II) ACHTUNGTRENNUNG(m6-L


III)3]·27H2O (2): Similarly to the synthesis of 1, the
hydrothermal reaction of Cd ACHTUNGTRENNUNG(NO3)2·4H2O (0.154 g, 0.5 mmol), H6L


I·H2O
(0.087 g, 0.25 mmol), and NaOH (0.080 g, 2.0 mmol) in water (15 mL)
was performed at 130 8C or 180 8C for 72 h. Thereafter, the reaction mix-
ture was cooled at a rate of about 5 8Ch�1 to give colorless prismatic crys-
tals of 2 as a single phase (in ca. 82% yield based on H6L


I). Elemental
analysis calcd (%) for C24H39O37.5Cd3Na6 (2): C 20.55, H 2.80; found: C
20.48, H 2.66; IR (KBr, 4000–400 cm�1): ñ=3415 (s), 1593 (vs), 1399 (vs),
1305 (s), 1221 (w), 1192 (w), 1150 (w), 1073 (w), 1029 (w), 943 (w), 903
(w), 841 (m), 742 (w), 694 (w), 619 (w), 520 (w), 482 cm�1 (w).


ACHTUNGTRENNUNG[Cd3ACHTUNGTRENNUNG(m13-L
II) ACHTUNGTRENNUNG(m-H2O)] (3): A mixture of CdACHTUNGTRENNUNG(NO3)2·4H2O (0.154 g,


0.50 mmol) and H6L
I·H2O (0.087 g, 0.25 mmol) in H2O (15 mL) was


placed in a 25 mL Teflon reactor, which was sealed and heated in an
oven to 180 8C for 72 h. The reaction mixture was then cooled at a rate
of about 5 8Ch�1 to give colorless needle-like crystals of 3 as a pure phase
(in ca. 52% yield based on Cd). The crystals were isolated by filtration
and washed with water. The sample was allowed to dry in air, conditions
under which it proved to be stable indefinitely. Elemental analysis calcd
(%) for C12H8O13Cd3 (3): C 20.67, H 1.16; found: C 20.77, H 1.10; IR
(KBr, 4000–400 cm�1): ñ=3486 (s), 3316 (s), 1607 (vs), 1563 (vs), 1405
(vs), 1331 (s), 1313 (s), 1198 (w), 1103 (w), 1075 (w), 934 (w), 865 (w),
807 (m), 784 (m), 759 (m), 726 (m), 579 (m), 553 (w), 517 cm�1 (w).


ACHTUNGTRENNUNG[Cd3ACHTUNGTRENNUNG(m6-L
III) ACHTUNGTRENNUNG(2,2’-bpy)3ACHTUNGTRENNUNG(H2O)3]·3.5H2O (4): A mixture of Cd ACHTUNGTRENNUNG(NO3)2·4H2O


(0.154 g, 0.50 mmol), H6L
I·H2O (0.035 g, 0.10 mmol), and 2,2’-bpy


(0.076 g, 0.5 mmol) in water (15 mL) was heated at 175 8C for 96 h. It was
then cooled at a rate of about 5 8Ch�1. The resulting yellow lamellar mi-
crocrystals were mechanically separated to give a yield of 4 of about
15% (based on H6L


I). Elemental analysis calcd (%) for C42H43O18.5N6Cd3
(4): C 39.88, H 3.43, N 6.64; found: C 39.51, H 3.31, N 6.92; IR (KBr,
4000–400 cm�1): ñ=3390 (s), 1580 (vs), 1475 (w), 1439 (w), 1399 (vs),
1315 (w), 1251 (w), 1156 (w), 1061 (w), 1017 (m), 930 (w), 896 (w), 770
(s), 736 (m), 650 (w), 610 (w), 504 cm�1 (w).


ACHTUNGTRENNUNG[Cd4ACHTUNGTRENNUNG(m4-L
VI)2(4,4’-Hbpy)4 ACHTUNGTRENNUNG(4,4’-bpy)2 ACHTUNGTRENNUNG(H2O)4]·9.5H2O (5): Similarly to the


synthesis of 4, hydrothermal reaction of Cd ACHTUNGTRENNUNG(NO3)2·4H2O (0.154 g,
0.50 mmol), H6L


I·H2O (0.035 g, 0.10 mmol), and 4,4’-bpy (0.078 g,
0.5 mmol) in water (15 mL) was performed at 160 8C for 72 h. The mix-
ture was then cooled at a rate of about 5 8Ch�1. The resulting colorless la-
mellar microcrystals were mechanically separated to give a yield of 5 of
about 10% (based on H6L


I). Elemental analysis calcd (%) for
C84H91O37.5N12Cd4 (5): C 43.52, H 3.96, N 7.25; found C 43.12, H 4.13, N


Figure 18. Reconstructed zero-field energy levels (left) and splitting of
the energy levels in a magnetic field (right) for 11 using Eq. (1) and the
parameters J1=�11.5 cm�1, J2=�16.3 cm�1, g=2.41.
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7.07; IR (KBr, 4000–400 cm�1): ñ =3391 (s), 2565 (m), 1933 (w), 1711 (s),
1603 (vs), 1490 (w), 1412 (vs), 1322 (m), 1243 (m), 1218 (m), 1149 (w),
1064 (m), 1043 (w), 1005 (m), 926 (w), 858 (w), 811 (s), 727 (w), 678 (w),
629 (s), 601 (w), 464 cm�1 (m).


ACHTUNGTRENNUNG[Cd2ACHTUNGTRENNUNG(m6-L
II)(4,4’-Hbpy)2]·10H2O (6): Similarly to the synthesis of 4, the


hydrothermal reaction of Cd ACHTUNGTRENNUNG(NO3)2·4H2O (0.154 g, 0.50 mmol),
H6L


I·H2O (0.035 g, 0.10 mmol), and 4,4’-bpy (0.032 g, 0.2 mmol) in water
(15 mL) was performed at 180 8C for 48 h. The mixture was then cooled
at a rate of about 5 8Ch�1 to give colorless prismatic microcrystals (in ca.
20% yield based on Cd), which were mechanically separated. Elemental
analysis calcd (%) for C32H44O22N4Cd2 (6): C 36.21, H 4.18, N 5.28;
found: C 36.57, H 4.01, N 5.61; IR
(KBr) (4000–400 cm�1): ñ=3399 (m),
3056 (w), 1600 (s), 1495 (w), 1410 (s),
1322 (m), 1245 (w), 1219 (m), 1071
(w), 1044 (w), 1012 (w), 935 (w), 806
(m), 728 (w), 629 (w), 566 (w),
493 cm�1 (w).


ACHTUNGTRENNUNG[Cd3ACHTUNGTRENNUNG(m11-L
VI) ACHTUNGTRENNUNG(H2O)3] (7): Similarly to


the synthesis of 4, the hydrothermal
reaction of CdACHTUNGTRENNUNG(NO3)2·4H2O (0.154 g,
0.50 mmol), H6L


I·H2O (0.035 g,
0.10 mmol), and 4,4’-bpy (0.032 g,
0.2 mmol) in water (15 mL) was per-
formed at 180 8C for 72 h. The mixture
was then cooled at a rate of about
5 8Ch�1 to give colorless ellipsoidal mi-
crocrystals (in ca. 20% yield based on
H6L


I), which were carefully separated
mechanically. Elemental analysis calcd
(%) for C12H12O15Cd3 (7): C 19.65, H
1.65; found: C 19.47, H 1.58; IR (KBr,
4000–400 cm�1): ñ=3203 (m), 1627 (s),
1567 (vs), 1409 (vs), 1319 (s), 1279
(m), 1245 (m), 1202 (w), 1067 (w), 932
(w), 800 (m), 754 (w), 724 (w), 674
(w), 633 (m), 566 (w), 503 (m),
442 cm�1 (w).


[M3 ACHTUNGTRENNUNG(m9-L
II) ACHTUNGTRENNUNG(H2O)6] (M=Mn (8), Fe


(9), and Ni (10)): A mixture of
MnCl2·4H2O (0.296 g, 1.50 mmol) (8)
[or FeCl2·4H2O (0.298 g, 1.50 mmol)
(9) or NiCl2·6H2O (0.356 g,
1.50 mmol) (10)], H6L


I·H2O (0.174 g,
0.5 mmol), and NaOH (0.060 g,
1.5 mmol) in water (15 mL) was
heated at 175 8C for 72 h. After cool-
ing the mixture to room temperature
over a period of approximately 14 h,
colorless lamellar crystals of 8 were
obtained, which were collected by fil-
tration and washed with water (ca.
68% yield based on H6L


I). Elemental
analysis calcd (%) for C12H18O18Mn3
(8): C 23.43, H 2.95; found: C 23.46, H
2.94; IR (KBr, 4000–400 cm�1): ñ=


3494 (s), 3367 (s), 1616 (vs), 1559 (vs),
1410 (vs), 1316 (s), 1103 (w), 1080 (w),
923 (m), 820 (m), 758 (s), 585 (s),
516 cm�1 (s). Colorless prismatic crys-
tals of 9 were obtained, collected by
filtration, and washed with water (ca.
70% yield based on H6L


I). Elemental
analysis calcd (%) for C12H18O18Fe3
(9): C 23.33, H 2.94; found: C 23.28, H
2.97; IR (KBr, 4000–400 cm�1): ñ=


3487 (s), 3327 (s), 1614 (vs), 1559 (vs),
1404 (vs), 1315 (s), 1205 (w), 1103 (w),


931 (m), 757 (s), 689 (s), 576 (m), 522 cm�1 (s). Small green prismatic
crystals of 10 were obtained, collected by filtration, and washed with
water (ca. 46% yield based on H6L


I). Elemental analysis calcd (%) for
C12H18O18Ni3 (10): C 23.01, H 2.91; found: C 22.94, H 2.95; IR (KBr,
4000–400 cm�1): ñ=3470 (s), 3332 (s), 1618 (vs), 1558 (vs), 1408 (vs),
1313 (s), 1198 (w), 1069 (w), 930 (m), 814 (s), 766 (s), 692 (s), 577 (m),
517 cm�1 (m).


ACHTUNGTRENNUNG[Ni4 ACHTUNGTRENNUNG(m3-OH)2 ACHTUNGTRENNUNG(m10-L
II) ACHTUNGTRENNUNG(4,4’-bpy)ACHTUNGTRENNUNG(H2O)4]·6H2O (11): A mixture of Ni-


ACHTUNGTRENNUNG(OAc)2·4H2O (0.124 g, 0.5 mmol), H6L
I·H2O (0.035 g, 0.1 mmol), and


4,4’-bpy (0.078 g, 0.5 mmol) in water (15 mL) was heated at 160 8C for
48 h. After cooling the mixture to room temperature over a period of ap-


Table 1. Crystal data and structure refinement for 1–9, 11, 12.


1 (293 K) 2 (123 K) 3 (293 K) 4 (293 K)


formula C48H81O76.5Cd12 C48H78O75Cd6Na12 C12H8O13Cd3 C42H43O18.5N6Cd3
Fw 3230.93 2805.38 697.38 1265.02
crystal system trigonal trigonal triclinic triclinic
space group R3̄ R3̄c P1̄ P1̄
a [Å] 17.797(1) 26.010(1) 9.4682(8) 11.6554(13)
b [N] 17.797(1) 26.010(1) 9.4906(8) 13.7508(15)
c [Å] 22.961(4) 20.854(2) 10.2626(9) 16.8522(19)
a [8] 90 90 111.866(1) 73.634(2)
b [8] 90 90 105.264(1) 76.216(3)
g [8] 120 120 107.533(1) 85.141(3)
V [N3] 6298.2(12) 12217.9(11) 738.99(11) 2516.4(5)
Z 3 6 2 2
1calcd [gcm


�3] 2.556 2.288 3.134 1.670
m [mm�1] 3.108 1.744 4.359 1.333
R1 [I>2s(I)][a] 0.0615 0.0427 0.0359 0.0854
wR2 (all data)


[b] 0.1049 0.1212 0.0884 0.2384


5 (123 K) 6 (293 K) 7 (293 K) 8 (293 K)


formula C84H91O37.5N12Cd4 C32H44O32N4Cd2 C12H12O15Cd3 C12H18O18Mn3
Fw 2318.29 1061.51 733.42 615.08
crystal system triclinic orthorhombic orthorhombic trigonal
space group P1̄ Fdd2 Pbca R3̄
a [Å] 13.9187(15) 15.918(2) 12.3424(12) 14.557(1)
b [N] 14.5613(15) 50.471(7) 13.2718(14) 14.557(1)
c [Å] 22.182(2) 10.1138(12) 19.268(2) 14.968(2)
a [8] 93.236(2) 90 90 90
b [8] 91.339(2) 90 90 90
g [8] 91.661(2) 90 90 120
V [N3] 4485.3(8) 8125.4(19) 3156.2(6) 2746.8(4)
Z 2 8 8 6
1calcd [gcm


�3] 1.717 1.735 3.087 2.231
m [mm�1] 1.034 1.137 4.099 2.139
R1 [I>2s(I)][a] 0.0767 0.0458 0.0427 0.0343
wR2 (all data)


[b] 0.1869 0.0937 0.0871 0.0836


9 (293 K) 11 (293 K) 12a (293 K) 12b (293 K)


formula C12H18O18Fe3 C22H32O22N2Ni4 C16H15O8N2Cu2 C19H20O10N2Cu
Fw 617.81 911.34 490.38 499.91
crystal system trigonal monoclinic triclinic monoclinic
space group R3̄ P21/c P1̄ P21/n
a [Å] 14.434(1) 14.8156(14) 7.8519(9) 10.6030(5)
b [N] 14.434(1) 11.0770(11) 10.0583(12) 20.0687(8)
c [Å] 14.785(2) 13.4336(13) 11.5646(13) 11.1036(4)
a [8] 90 90 78.173(2) 90
b [8] 90 99.046(2) 71.787(2) 91.032(3)
g [8] 120 90 73.741(2) 90
V [N3] 2667.7(5) 2177.2(4) 825.94(17) 2362.33(17)
Z 6 2 2 4
1calcd [gcm


�3] 2.307 1.390 1.972 1.406
m [mm�1] 2.520 1.774 2.628 0.978
R1 [I>2s(I)][a] 0.0343 0.0684 0.0361 0.0799
wR2 (all data)


[b] 0.0897 0.2037 0.0955 0.2503


[a] R1=� j jFo j� jFc j j /� jFo j . [b] wR2= [�w ACHTUNGTRENNUNG(Fo
2�Fc2)2/�wACHTUNGTRENNUNG(Fo2)2]1/2.
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proximately 14 h, green lamellar crystals of 11 were obtained, which were
collected by filtration and washed with water (ca. 52% yield based on
H6L


I). Elemental analysis calcd (%) for C22H32O22N2Ni4 (11): C 29.00, H
3.54, N 3.07; found: C 28.79, H 3.42, N 3.17; IR (KBr, 4000–400 cm�1):
ñ=3415 (s), 1610 (vs), 1567 (vs), 1399 (vs), 1325 (m), 1263 (w), 1219 (w),
1064 (w), 883 (w), 865 (w), 820 (m), 781 (w), 615 (m), 534 cm�1 (w).


ACHTUNGTRENNUNG[{CuII2 ACHTUNGTRENNUNG(m4-L
II) ACHTUNGTRENNUNG(H2O)4} ACHTUNGTRENNUNG{Cu


I
2 ACHTUNGTRENNUNG(4,4’-bpy)2}] (12a) and [CuII ACHTUNGTRENNUNG(Hbtc) ACHTUNGTRENNUNG(4,4’-bpy)-


ACHTUNGTRENNUNG(H2O)]·3H2O (12b): A mixture of Cu ACHTUNGTRENNUNG(OAc)2·H2O (0.100 g, 0.5 mmol),
H6L


I·H2O (0.070 g, 0.2 mmol), and 4,4’-bpy (0.078 g, 0.5 mmol) in water
(15 mL) was heated at 175 8C for 72 h. After cooling to room tempera-
ture over a period of approximately 14 h, green block-shaped crystals of
12a (in ca. 5% yield) and green prismatic crystals of 12b (in ca. 10%
yield) were obtained in two different phases. The crystals were mechani-
cally separated and washed with water. Elemental analysis calcd (%) for
C14H10O4N2Cu (12a): C 50.38, H 3.02, N 8.39; found C 50.27, H 3.15, N
8.35; IR (KBr, 4000–400 cm�1) for 12a : ñ =3479 (m), 3388 (m), 1609
(vs), 1542 (vs), 1394 (s), 1330 (w), 1263 (w), 1215 (w), 1096 (w), 928 (w),
872 (w), 820 (m), 766 (w), 721 (w), 617 (m), 555 cm�1 (w). Elemental
analysis calcd (%) for C19H20O10N2Cu (12b): C 45.65, H 4.03, N 5.60;
found C 45.69, H 3.95, N 5.55; IR (KBr, 4000–400 cm�1) for 12b : ñ=


3445 (m), 1704 (m), 1618 (vs), 1562 (m), 1412 (w), 1360 (vs), 1225 (w),
1086 (w), 1015 (w), 924 (w), 868 (w), 818 (m), 731 (m), 635 (m), 550 cm�1


(w).


X-ray crystallography : Diffraction intensities of 1–12 were collected on a
Bruker Apex CCD area detector diffractometer (MoKa, l=0.71073 N).
Absorption corrections were applied using the multiscan program
SADABS.[21] The structures were solved by direct methods and refined
with a full-matrix least-squares technique using the SHELXTL program
package.[22] Anisotropic thermal parameters were applied to all non-hy-
drogen atoms. The organic hydrogen atoms were generated geometrical-
ly; the aqua hydrogen atoms were located from difference maps and re-
fined with isotropic temperature factors. Crystal data as well as details of
the data collection and refinements for 1–9, 11, and 12 are summarized
in Table 1. It should be noted that complex 10 crystallized in very small
crystals, with similar crystal parameters to those of complex 8, which
were too weak to be amenable to data collection on the Bruker Apex
CCD area detector diffractometer. Comparison of the powder diffraction
(XRPD) pattern of 10 with that calculated from the single-crystal study
of 8 (Figure S1 in the Supporting Information) confirmed that these com-
plexes are isostructural.


CCDC-603913 (1), 603914 (2), 679411 (3), 679412 (4), 679413 (5), 679414
(6), 679415 (7), 601818 (8), 601819 (9), 679416 (11), 679417 (12a), and
679418 (12b) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Computational method : All of the structures were optimized using
BeckeUs three-parameter hybrid functional (B3LYP) method[23–25] and the
6–31G ACHTUNGTRENNUNG(d,p) basis set.[26] The stable configurations of the compounds were
confirmed by means of frequency analysis, whereby no imaginary fre-
quency was found for any of the configurations at the energy minima.
The sum of the electronic and thermal free energies was used to compare
stability. All of the calculations were performed with the Gaussian 03
program package.[27]
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Diversity-Oriented Synthesis of Enantiomerically Pure Steroidal Tetracycles
Employing Stille/Diels–Alder Reaction Sequences


Hans Wolf S*nnemann,[a] Martin G. Banwell,[b] and Armin de Meijere*[a]


Introduction


Natural steroids and many of their analogues are important
substances with a wide spectrum of biological activities in-
cluding pharmacologically relevant ones.[1] Exploiting both
natural and novel synthetic steroids for use as potential
pharmaceuticals is, therefore, a highly promising research
area in medicinal chemistry.[2,3] However, the therapeutic


application of steroidal compounds is sometimes accompa-
nied by undesired physiological side effects.[4]


Appropriate structural modifications to steroids can lead
to improved therapeutic indices and, therefore, fewer or less
intense physiological side effects.[5] To develop a deeper un-
derstanding of the structure–activity relationships within the
class, a larger number of structurally diverse steroids would
have to be investigated. These can be best obtained by total
synthesis. Interestingly, many classical steroid syntheses are
highly target-oriented and often only lead to single com-
pounds.[5] In view of the demands of pharmaceutical re-
search, an efficient, diversity-oriented steroid synthesis
would be of considerable interest. Therefore, a new ap-
proach to the tetracyclic steroidal framework following a
convergent A+CD!ACD!ABCD synthetic strategy was
designed (Scheme 1). The retrosynthetic concept for this is
based on three building blocks for the A-, C,D-, and B-rings
which, by permutation, allows for a high degree of diversity.


Abstract: Various steroid analogues
were synthesized by Stille coupling of
bicycloACHTUNGTRENNUNG[4.3.0]nonenylstannanes cis-/
trans-8 and 14 with cyclohexenol tri-
flates 17 and 18 and subsequent Diels–
Alder reactions of the resulting dienes.
The enantiomerically pure bicyclo-
ACHTUNGTRENNUNG[4.3.0]nonenylstannanes cis- and trans-8
were prepared in good yields via the
enol triflates cis- and trans-7, obtained
from the bicycloACHTUNGTRENNUNG[4.3.0]non-2-en-3-one
5. The alkenylstannane 14 was ob-
tained from the [2+2] cycloadduct 10a
produced from addition of dichloroke-
tene to the enantiomerically pure and
protected bishydroxycyclohexadiene 9a
(65%). Treatment of 10a with diazo-
methane, reduction of the dichloro-
methylene group, and trapping with
tributyltin chloride after lithium-for-
bromine exchange, yielded the bicyclo-


ACHTUNGTRENNUNG[4.3.0]nonenylstannane 14 (23% over
four steps). Stille couplings provided
the tricyclic dienes cis-/trans-19 in good
yields (73–77%), whereas the tricyclic
diene 20 was obtained in only 34%
yield at best. Diels–Alder reactions of
trans-19 with various reactive dieno-
philes yielded the novel steroidal com-
pounds trans-21 to trans-26 with com-
plete diastereoselectivity. Heating the
dienes cis-19 or 20 with maleic acid de-
rivatives provided the corresponding
tetracycles cis-23a,b and 27a,b with a
cis-C,D ring junction, each as mixtures
of two diastereomers. Less reactive di-
enophiles required higher temperatures


to promote the relevant cycloaddition
with trans-19 to furnish several stereo-
isomeric forms of trans-28 and trans-29
in significantly lower yields (31–45%).
The selected steroid analogues trans-22
and trans-23 were deprotected in two
steps by using acid catalysis to provide
trans-31 and trans-33 (91 and 80% over
two steps). Cyclopropanation of trans-
30 yielded the cyclopropasteroid ana-
logue 34 (74%), treatment of which
with trifluoroacetic acid furnished the
cyclopropasteroid 35 and the 2-methyl-
substituted steroid analogue 36 in 40
and 12% yield, respectively. Aromatic
B-ring steroids 38 (69%) and 39 (5%)
were accessed by dehydrogenation of
trans-24 with 2,3-dichloro-5,6-dicyano-
1,4-benzoquinone.
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The C,D-rings would be linked to the A-ring by a Stille
cross-coupling reaction, and the B-ring finally completed by
using a Diels–Alder reaction. This approach would lead to
steroidal compounds with substituents at C-6 and C-7, a sub-
stitution type that has rarely been achieved,[6] but neverthe-
less appears to be a particularly interesting one.[7]


Results and Discussion


The necessary building blocks resembling the C,D-ring
system of the final steroid are bicycloACHTUNGTRENNUNG[4.3.0]non-2-enylstan-
nanes of type cis-8 and trans-8. The syntheses of these start
from the readily available and enantiomerically pure Hajos–
Parrish–Wichert–Sauer ketone 5 (Scheme 2).[8] Reduction
with lithium in liquid ammonia and THF as a cosolvent, fol-
lowed by trapping of the so-formed lithium enolate with
chlorotrimethylsilane provided the enol silyl ether cis-6 with
a cis-ring junction in 84% yield.[9]


The corresponding trans-isomer (trans-6) was obtained by
reduction of compound 5 with a copper hydride complex
generated in situ from cuprous bromide–dimethyl sulfide
complex, diisobutylaluminum hydride, and tert-butyllithium.
Trapping of the resulting enolate with chlorotrimethylsilane
then gave trans-6.[10] For optimal diastereoselectivity, the
hexahydroindenone 5 had to be added very slowly. After
cleavage of the enol silyl ethers cis-6 and trans-6 with meth-
yllithium in the presence of 4,4’-bipyridyl and trapping of
the resulting enolates with N,N-bis(trifluoromethanesulfony-
l)aniline,[11] the bicycloACHTUNGTRENNUNG[4.3.0]nonenol triflates cis-7 and
trans-7, respectively, were obtained in excellent yields of 95
and 97%, respectively.[9] The enol triflates cis-7 and trans-7
reacted smoothly with dilithium bis(tri-n-butylstannyl)cya-
nocuprate[12] to yield the tri-n-butylbicyclo-
ACHTUNGTRENNUNG[4.3.0]nonenylstannanes cis-8 and trans-8 in 92 and 85%
yield, respectively (Scheme 2).


To extend this methodology so as to be able to access cor-
ticosteroid analogues, the enantiomerically pure bicyclo-
ACHTUNGTRENNUNG[4.3.0]nonenylstannane 14 was synthesized from the protect-
ed 1-halo-5,6-dihydroxycyclohexa-1,3-dienes 9a,b, which are
readily accessible by microbial oxidation[13] of the corre-
sponding halobenzene and subsequent protection of the re-
sulting diol (Scheme 3).[14] [2+2]-Cycloaddition of in situ


generated dichloroketene[15] to 9a,b led to the oligofunction-
alized bicycles 10a,b. The iodocyclohexadiene 9b partially
decomposed under the reaction conditions, which resulted
in compound 10b being obtained in only 12% yield. How-
ever, under optimized conditions, the bromodiene 9a fur-
nished the desired bicycle 10a in 65% yield along with the
product of a [4+2] cycloaddition (Scheme 3). At tempera-
tures below 0 8C, the [2+2] cycloaddition did not take place
at an observable rate. Reductive removal of only one of the
chlorine substituents from 10a under established conditions
(Zn–Cu, MeOH, NH4Cl, RT)


[16] could not be achieved, in-
stead some of the fully dehalogenated bicycle 16 was ob-
tained among several other unidentified products. However,
ring-enlargement of the dichlorocyclobutanone moiety
within 10a with diazomethane in the presence of methanol
proceeded smoothly to provide the tetrahydroindanone de-
rivative 11 in 57% yield.[17] The two chlorine atoms were
then cleanly removed with zinc and acetic acid in the pres-
ence of tetramethylethylenediamine to provide the tetrahy-
droindanone 12 (83%).[18] Interestingly, treatment of 11 with
zinc and ammonium chloride selectively furnished the mon-
ochlorotetrahydroindanone 15 as a single diastereomer of
undetermined configuration at the chlorinated carbon
center. The carbonyl group within 12 was protected as the
corresponding 1,3-dioxolane 13, which was obtained by
treatment of 12 with ethylene glycol under p-toluenesulfonic
acid catalysis. To achieve acceptable yields (65%), the reac-
tion had to be performed by using low concentrations of 12,


Scheme 1. Retrosynthetic depiction of a new approach to the steroid
skeleton.


Scheme 2. BicycloACHTUNGTRENNUNG[4.3.0]nonenylstannanes cis-/trans-8 as basic building
blocks for the new steroid synthesis. DIBALH=diisobutylaluminum hy-
dride; HMPT=hexamethylphosphoric triamide.
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otherwise a significant fraction underwent cleavage of the
acetonide moiety. The lithium-for-bromine exchange on 13
with tert-butyllithium was relatively slow, and for this to go
to completion, the reaction mixture had to be warmed to
�20 8C and eventually to 0 8C to destroy excess tert-butyl-
lithium. The alkenyllithium species was trapped with tri-n-
butyltin chloride to yield the bicycloACHTUNGTRENNUNG[4.3.0]nonenylstannane
14 (70%) (Scheme 3).


The necessary Stille-coupling substrates representing the
A-rings in the targeted steroidal skeletons, specifically the
enol triflates 17 and 18,[19] were prepared from cyclohexane-
1,4-dione monoethylene acetal and cyclohexanone, respec-
tively, according to a modified protocol employing sodium
bis(trimethylsilyl)amide (prepared from inexpensive sodium
hydride[20] and bis(trimethylsilyl)amine) to generate the re-
spective enolate, and trifluoromethanesulfonic acid (triflic)
anhydride in diethyl ether to trap the enolate. Unlike THF,
diethyl ether turned out to be stable towards the triflic an-
hydride at �20 8C. Thus, the enol triflate 17 was obtained in
96% yield.


Stille couplings[21] of the enol triflates 17 and 18 with the
bicycloACHTUNGTRENNUNG[4.3.0]nonenylstannanes cis-8, trans-8, and 14 yielded
the tricyclic 1,3-dienes cis-19, trans-19, and 20. Tetrakis-(tri-
phenylphosphine)palladium proved to be inefficient as a cat-
alyst for the Stille coupling of 17 with trans-8. The supposed-
ly more-reactive catalyst based on dipalladiumtris(dibenzyli-
deneacetone)·chloroform decomposed prematurely. Howev-
er, with added cuprous iodide and lithium chloride, the tri-
cyclic diene trans-19 could be obtained in 57% yield


(Table 1, entry 2). To achieve such yields, the solvent N-
methylpyrrolidone had to be completely anhydrous. The
yields, based on the starting enol triflate 17 (Scheme 4),


could be further improved to 77 and 73% for trans-19 and
cis-19, respectively, by employing the bicyclo-
ACHTUNGTRENNUNG[4.3.0]nonenylstannes cis-8 and trans-8 in 20% excess (en-
tries 3,4). It is noteworthy that the addition of triphenylar-
sine, which is known to enhance the transmetallation rate in
Stille couplings,[22] led, in the case of trans-8 and 17, to a
rapid decomposition of the starting material and/or the
product (entry 1).


This optimized catalyst system was not able to bring
about the coupling of cyclohexenyl triflate 18 with the novel
bicycloACHTUNGTRENNUNG[4.3.0]nonenylstannane 14. This outcome can be ex-
plained by the presence of the sterically demanding aceto-
nide unit adjacent to the reacting alkenyltin moiety. Appa-
rently, there is no rate acceleration induced by coordination
effects of the neighboring oxygen atom towards the metals
involved, namely palladium and copper. However, after the
addition of one equivalent of CuI, the reactants could not
be detected anymore and the tricyclic diene 20 was isolated
in 34% yield, which proved to be sufficient for testing 20 in
Diels–Alder reactions. As for the coupling of the alkenyl-
stannane trans-8, after addition of AsPh3 to the reaction


Scheme 3. A novel protected 4,5-dihydroxy-8-oxobicycloACHTUNGTRENNUNG[4.3.0]non-2-en-
3-ylstannane 14 as a building block for corticosteroid analogues.
TMEDA=N,N,N’,N’-tetramethylethylenediamine; pTs=p-toluenesulfon-
yl.


Table 1. Stille couplings of cyclohexenol triflates 17 and 18 with bicyclo-
ACHTUNGTRENNUNG[4.3.0]nonenylstannanes.


Entry Vinyl-
stannane


Enol
t


riflate Catalyst
[mol%][a]


T [8C]/t
[h]


Product Yield
[%][b]


1 trans-8 17 C (5) 65/12 trans-19 –[c]


2 trans-8 17 A (5) 90/12 trans-19 57
3 trans-8 17 A (5) 90/12 trans-19 77[d]


4 cis-8 17 A (5) 90/12 cis-19 73[d]


5 14 18 A (5) 65/12 20 –[c]


6 14 18 B (5) 65/12 20 34


[a] A: [Pd2dba3]·CHCl3, CuI, LiCl, NMP; B: as in A, plus 1.00 equiv CuI;
C: as in A, plus AsPh3. [b] Isolated yields. [c] Complete decomposition of
the starting material. [d] The vinylstannane was used in 20% excess.


Scheme 4. Stille coupling reactions leading to tricyclic dienes cis-19 and
trans-19 as well as 20. dba=dibenzylideneacteone; NMP=N-methylpyr-
rolidone.
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mixture, significant decomposi-
tion of the starting material was
observed.


The abovementioned and
previously unreported tricyclic
dienes 19 and 20 are reasonably
well set up for subsequent
Diels–Alder reactions to fur-
nish compounds embodying the
steroid framework.


Upon treatment with maleic
anhydride in benzene at 100 8C,
trans-19 cleanly furnished the
steroid analogue trans-21 in
80% yield, and with N-methyl-
maleimide at 100 8C the cyclo-
adduct trans-23 was obtained in
79% yield. Both cycloadditions
followed the endo rule of Alder
and gave single diastereomers.
The absolute configuration of
trans-21 was established by an
X-ray crystal structure analy-
sis[19] (see Figure 1), and the
same was done for the single
diastereomer trans-22 that was formed in 84% yield upon
cycloaddition of fumaronitrile onto trans-19 which occurred
in toluene at 110 8C (Scheme 5).[23]


4-Phenyl-1,2,4-triazoline-3,5-dione, which is well known
for its high dienophilicity, reacted with trans-19 in methylene
chloride at ambient temperature to yield trans-26 (77%),
also as a single diastereomer. The less reactive dimethyl ace-
tylenedicarboxylate (DMAD), like the other dienophiles
employed, required heating in benzene and gave trans-24


(65% yield), a steroidal compound with a 1,4-diene moiety
in the B-ring. It is noteworthy that the yield of trans-24 was
only 23% when toluene was used as solvent. On the other
hand, heating of trans-19 with DMAD in chlorobenzene as
an electron-deficient aromatic solvent did not furnish trans-
24 in better yield.[24] The unsymmetrically substituted dieno-
phile 2-chloroacrylonitrile gave a mixture of two regioiso-
meric cycloadducts of trans-25 in a yield of 67%.


Unlike trans-19, the diene cis-19 did not react diastereose-
lectively with N-methylmaleimide. Due to the bent molecu-
lar shape, the directing effects of the methyl group at C-13
and the tert-butoxy substituent at C-17 apparently are not as
dominant so that both diastereomers cis-23a and cis-23b can
be formed by approach of the dienophile to either face of
the molecule with comparable ease (1:1.5). Nevertheless,
both diastereomers (62%) are again endo-Diels–Alder ad-
ducts (Scheme 6).


The diastereoselectivity was slightly more pronounced
(3.8:1) in the cycloaddition of N-phenylmaleimide onto the
more highly functionalized diene 20, which also has a cis-
junction at its bicycloACHTUNGTRENNUNG[4.3.0]nonene core. The two diastereo-
meric adducts 27a and 27b were isolated in a combined
yield of 53%.


The less-reactive dienophiles dimethyl maleate and 6,6-di-
methyl-4,8-dioxaspiroACHTUNGTRENNUNG[2.5]oct-1-ene required heating at
130 8C for their cycloadditions onto trans-19 to occur at rea-
sonable rates and the products trans-28 and trans-29, (31
and 45% yields, respectively) were each mixtures of several
diastereomers (Scheme 7).[25]


Attempts to accelerate the Diels–Alder reaction of
methyl acrylate with trans-19 by adding ethylaluminum di-
chloride were not successful, as no reaction occurred at low


Scheme 5. Diels–Alder reactions yielding novel enantiomerically pure steroidal compounds.


Figure 1. X-ray crystal structure analyses of the steroid analogues trans-
21 and trans-22.[24]
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temperatures (�78 8C), while decomposition of the sub-
strates was observed at ambient temperature.


Due to the stereoselectivity of the Diels–Alder reaction,
the resulting steroidal frameworks do not have a naturally
occurring configuration. Instead, one carbon atom or anoth-
er always has the inverted configuration. Therefore, the
novel approach described here provides access to different
epimers of the natural steroid skeleton. As such, they
should be interesting subjects for biological investigations
(Schemes 5–7).


To demonstrate the capability of the new steroid synthesis
to provide samples for biological testing, the protecting
groups within compounds trans-22 and trans-23 were re-
moved in two steps. The 1,3-dioxolane moieties were cleanly
cleaved with p-toluenesulfonic acid in aqueous acetone to
furnish the oxosteroids trans-30 (99%) and trans-32 (85%).
On the other hand, the tert-butyl ether moieties were best
cleaved with trifluoroacetic acid in methylene chloride.
Thus, the steroid analogues trans-31 and trans-33 were ob-
tained, with conservation of the original configuration, in 91
and 94% yield, respectively (Scheme 8).[26]


Attempts were made to cyclopropanate the tetrasubstitut-
ed double bond in trans-30 with the trifluoroacetoxy-activat-
ed zinc carbenoid generated from diiodomethane and dieth-
ylzinc according to Shi et al.[27] However, the central double
bond remained untouched and, instead, the methoxycyclo-
propane-annelated derivative trans-34 was obtained in 74%
yield. Apparently, the initially formed iodomethylzinc tri-
fluoroacetate reacted with the enol of trans-30 to form the
zinc-substituted enol methyl ether trans-37, and this was
subsequently cyclopropanated by an excess of the zinc car-
benoid to furnish, after hydrolysis, the diastereomerically
pure steroidal hexacycle trans-34. Attempts to cleave the
tert-butyl ether within trans-34 provided the cyclopropaste-
roid trans-35[28] as the major product (40%), but this was ac-
companied by trans-36, the a-methyl derivative of trans-30


Scheme 6. Diels–Alder reactions of the tricyclic dienes cis-19 and 20 with
N-methyl- and N-phenylmaleimide, respectively.


Scheme 7. Diels–Alder reactions of the tricyclic diene trans-19 with a cy-
clopropane acetal and dimethyl maleate.


Scheme 8. Deprotection of selected steroid analogues.
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resulting from cyclopropane ring opening,[29] as a single dia-
stereomer in 12% yield. 2,3-Cyclopropane-annelated steroid
analogues of type trans-35 have been found to act as irrever-
sible inhibitors of cholesterol oxidase,[30] and the minor
product trans-36 is structurally similar to anabolic-androgen-
ic steroids (Scheme 9).[31]


Dehydrogenation of the steroidal diene trans-24 with
DDQ,[32] afforded a mixture of the B-ring aromatic tetracy-
cle trans-38 (69% yield) as the major product[33] and trans-
39 with an additional double bond in the D-ring as the
minor product (5%; Scheme 10).[34]


All of the new steroidal products described herein ought
to be enantiomerically pure because the bicyclo-
ACHTUNGTRENNUNG[4.3.0]nonenylstannane building blocks trans-8 and cis-8
were enantiomerically pure starting materials; almost all the
transformations occurred with complete diastereoselectivity


and without any possible racemization of the preset stereo-
genic centers.


Conclusion


A sequence of Stille cross-coupling reactions of cyclohexe-
nol triflates with enantiomerically pure bicyclo-
ACHTUNGTRENNUNG[4.3.0]nonenylstannanes and subsequent Diels–Alder reac-
tions of the resulting tricyclic 1,3-dienes leads efficiently to
novel steroid analogues with interesting functionalities for
further elaboration. The thus obtained steroidal tetracycles
with a trans-C,D-ring junction were single diastereomers,
whereas the analogues with a cis-C,D-ring junction were
mixtures of two diastereomers each. With less-reactive dien-
ophiles, the steroid analogues so-formed were mixtures of
several diastereomers. Overall, a spectrum of new steroid
analogues, which includes examples with an aromatic B-ring
and with a cyclopropane-annelated A-ring, are accessible in
good yields. Removal of protecting groups could be readily
achieved and provided sufficiently large samples for biologi-
cal testing. As this new access to the steroid skeleton is
based on three variable building blocks, the diversity of ob-
tainable steroidal compounds is of particular interest.


Experimental Section


General remarks : 1H NMR: Bruker AM 250 (250 MHz). Chemical shifts
in CDCl3 are reported as d values relative to chloroform (d=7.26 ppm)
or benzene (d=7.20 ppm) as internal reference. 13C NMR: Bruker AW
250 (62.9 MHz). Chemical shifts in CDCl3 are reported as d values rela-
tive to chloroform (d=77.0 ppm) or benzene (d=128 ppm); the multi-
plicities of the signals were determined by the DEPT (62.9 MHz) tech-
nique and are quoted as (+) for CH3 and CH groups, (�) for CH2 groups
and (Cquat) for quaternary carbon atoms. IR spectra: Bruker IFS 66. Low-
resolution EI mass spectra: Finnigan MAT 95, ionizing voltage 70 eV.
High-resolution mass spectra: Finnigan MAT 95; preselected ion peak
matching at R�10000 to be within �2 ppm of the exact masses. Elemen-
tal analyses: Mikroanalytisches Labor des Instituts f<r Organische und
Biomolekulare Chemie der UniversitBt Gçttingen (Germany). Melting
points are uncorrected. Solvents for extraction and chromatography were
of technical grade and were distilled before use. All reactions were car-
ried out under an atmosphere of dry nitrogen in oven- and/or flame-
dried glassware. Benzene, THF, and diethyl ether were distilled from
sodium. Dichloromethane was distilled from CaH2.


General procedure for the preparation of the bicyclo-
ACHTUNGTRENNUNG[4.3.0]nonenylstannanes (GP 1): n-Butyllithium (2.60 equiv, 2.36m in
hexane) was added at �78 8C to a solution of diisopropylamine
(2.60 equiv) in THF, and the mixture was stirred for 30 min. Tri-n-butyl-
tin hydride (2.20 equiv) was added to the resulting solution, and stirring
was continued for 30 min before copper(I) cyanide (1.10 equiv) was
added in one portion. The reaction mixture was warmed to �50 8C until
a yellow solution had formed, which was treated with the relevant enol
triflate (1.00 equiv) in THF. The resulting solution was warmed to �25 8C
and stirred for an additional 2 h. The reaction mixture was poured into
pentane and washed with 10% NH3 solution, water, and brine. After
drying over MgSO4 and concentration in vacuo, the residue was taken up
in ethyl acetate and the solution, contained in an unsealed vessel, was
treated with silver(I) acetate (3.00 equiv) at ambient temperature for 2 h.
The reaction mixture was filtered through Celite, washed with water,
brine, and dried over MgSO4. After concentration in vacuo, the residue


Scheme 9. Attempted cyclopropanation of the tetrasubstituted double
bond within trans-30.


Scheme 10. New steroid analogues with an aromatic B-ring obtained by
dehydrogenation of the steroidal diene trans-24 with DDQ. DDQ=2,3-
dichloro-5,6-dicyano-1,4-benzoquinone.
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was purified by column chromatography on neutral aluminum oxide (de-
activated with 5% water).


General procedure for [2+2] cycloadditions of dichloroketene (GP 2):
Powdered zinc (2.00 equiv) was added to a solution of the relevant halo-
cyclohexadiene (1.00 equiv) in diethyl ether, and the resulting suspension
was treated in an ultrasonic bath at 15–20 8C for 30 min. Trichloroacetic
acid chloride (1.50 equiv) in diethyl ether was then added within 3 h
under continuous ultrasonication. The reaction mixture was diluted with
diethyl ether and filtered through Celite. The filtrate was washed with
sat. NaHCO3 solution and water. After extraction of the combined aque-
ous phases with diethyl ether, washing of the combined organic layers
with brine, drying over MgSO4, and concentration in vacuo, the residue
was subjected to column chromatography on silica gel.


General procedure for Stille couplings of bicyclo ACHTUNGTRENNUNG[4.3.0]nonenylstannanes
with 2-bromocyclohexenol triflates (GP 3): A Pyrex bottle containing a
magnetic stirring bar was charged with a solution of the relevant enol tri-
flate (1.00 equiv) and the bicycloACHTUNGTRENNUNG[4.3.0]nonenylstannane (1.10–1.30 equiv)
in NMP. After purging the solution with argon in an ultrasonic bath for
5 min, [Pd2ACHTUNGTRENNUNG(dba)3]·CHCl3 (2.00–5.00 mol%), LiCl (3.00 equiv), and CuI
(2.00–5.00 mol%) were added. Before carefully sealing the bottle with a
screw cap, the mixture was purged again with argon in an ultrasonic bath
for 5 min. The reaction mixture was stirred vigorously with heating at
90 8C for 12 h. After cooling down to ambient temperature, the reaction
mixture was poured into diethyl ether and the mixture washed with NH3


solution (5%) and water. The combined aqueous phases were extracted
with diethyl ether, and the combined organic layers were vigorously
stirred with sat. KF solution for 45 min. The combined organic phases
were dried over MgSO4 and concentrated in vacuo. If necessary, the resi-
due was adsorbed onto silica gel and purified by column chromatography
on silica gel.


General procedure for Diels–Alder reactions of tricyclic dienes (GP 4):
A Pyrex bottle, containing a magnetic stirring bar, was charged with a so-
lution of the tricyclic diene and the relevant dienophile in the specified
solvent. The resulting solution was purged with argon in an ultrasonic
bath for 5 min. The bottle was carefully sealed with a screw cap and,
after heating at the specified temperature for the stated time, the volatile
components were removed in vacuo, and the residue was purified by
column chromatography.


(+)-6-(3S,3aS,7aS)-3-tert-Butoxy-3a-methyl-3a,4,5,7a-tetrahydroindanyl-
tri-n-butylstannane (trans-8): Following GP 1, diisopropylamine (3.69 g,
36.5 mmol) in THF (150 mL) was treated with n-butyllithium (15.1 mL,
36.5 mmol, 2.42m). Tri-n-butyltin hydride (8.98 g, 30.9 mmol) and cop-
per(I) cyanide (1.38 g, 15.4 mmol) were added, followed by a solution of
the bicyclic enol triflate trans-7 (5.00 g, 14.0 mmol) in THF (15 mL).
Workup with pentane (200 mL), 10% NH3 solution (50 mL), water (2P
50 mL), and brine (40 mL) yielded, after treatment of the crude product
with silver(I) acetate (6.50 g, 39.0 mmol) in ethyl acetate (100 mL) and
column chromatography on neutral aluminum oxide (100 g, pentane),
trans-8 as a colorless oil (5.90 g, 85%). Rf=0.5, pentane/diethyl ether
20:1; IR (film): ñ =2976, 2956, 2928, 2872, 2847, 1606, 1461, 1419, 1383,
1359, 1337, 1290, 1251, 1195, 1117, 1070, 1021, 958, 897, 836, 689,
659 cm�1; 1H NMR (250 MHz, CDCl3): d=0.73 (s, 3H; CH3), 0.82–1.01
(m, 14H; nBu�CH3, nBu�CH2), 1.14 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.22–1.40 (m,
7H; nBu�CH2), 1.42–1.58 (m, 7H; nBu-CH2), 1.65–1.83 (m, 2H), 1.89–
2.16 (m, 2H), 2.20–2.41 (m, 4H), 3.43 (dd, 3J=6.8, 3J=8.0 Hz, 1H; 3-H),
5.72 ppm (mc, 1H; 7-H); 13C NMR (62.9 MHz, CDCl3, add. DEPT): d=


8.89 (�, 3C, nBu�CH2), 10.99 (+ , CH3), 13.74 (+ , 3C, nBu�CH3), 24.60
(�, CH2), 27.40 (�, 3C, nBu�CH2), 28.72 (+ , 3C, C ACHTUNGTRENNUNG(CH3)3), 29.24 (�,
3C, nBu�CH2), 30.77 (�, CH2), 31.15 (�, CH2), 35.55 (�, CH2), 41.51
(Cquat, C-3a), 44.75 (+ , CH, C-7a), 72.13 (Cquat, C ACHTUNGTRENNUNG(CH3)3), 79.63 (+ , CH,
C-3), 138.30 (Cquat, C-6), 141.72 ppm (+ , CH, C-7); MS (70 eV): m/z (%):
443/442/441/440/439/438/437 (16/24/100/44/83/33/46) [M+�C4H9], 293/292/
291/290/289/288/287 (1/1/6/3/5/2/3) [SnBu3


+], 239/237/236/235/234/233/
232/231 (15/12/11/99/32/76/26/42) [SnBu2H


+], 180/179/178/177/176/175
(11/88/83/53/26/12) [SnBu+], 135 (5) [M+�SnBu3�C4H9�CH3], 122/121/
120/119/118/117 (1/5/26/20/12/10) [SnH+], 91 (3), 57 (84) [Bu+], 41 (22);
elemental analysis calcd (%) for C26H50OSn (497.37): C 62.78, H 10.13;
found C 62.86, H 10.01.


6-(3S,3aS,7aR)-3-tert-Butoxy-3a-methyl-3a,4,5,7a-tetrahydroindanyltri-
n-butylstannane (cis-8): Following GP 1, diisopropylamine (1.69 g,
16.5 mmol) in THF (100 mL) was treated with n-butyllithium (7.00 mL,
16.5 mmol, 2.36m). Tri-n-butyltin hydride (4.07 g, 14.0 mmol) and cop-
per(I) cyanide (626 mg, 6.99 mmol) were added, followed by bicyclic enol
triflate cis-7 (2.26 g, 6.35 mmol) in THF (5 mL). Workup with pentane
(100 mL), NH3 solution (30 mL, 10%), water (2P30 mL), and brine
(25 mL) yielded, after treatment of the crude product with silver(I) ace-
tate (3.18 g, 19.1 mmol) in ethyl acetate (80 mL) and column chromatog-
raphy on neutral aluminum oxide (40 g, pentane), cis-8 as a colorless oil
(2.92 g, 92%). Rf=0.5, pentane/diethyl ether 20:1; IR (film): ñ =2957,
2925, 2871, 1609, 1464, 1418, 1387, 1376, 1361, 1292, 1198, 1072, 1020,
902, 874, 689 cm�1; 1H NMR (250 MHz, C6D6): d=0.82–1.04 (m, 15H;
nBu�CH3, nBu�CH2), 1.13 (s, 3H; CH3), 1.15 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.24–
1.79 (m, 16H), 1.89–2.16 (m, 2H), 2.18–2.27 (m, 1H), 2.33 (mc, 2H), 3.66
(t, 3J=6.8 Hz, 1H; 3-H), 5.85–5.95 ppm (m, 1H; 7-H); 13C NMR
(62.9 MHz, C6D6, add. DEPT): d =9.26 (�, 3C, nBu�CH2), 14.0 (+ , 3C,
nBu�CH3), 21.8 (+ , CH3), 27.8 (+ , 3C, C ACHTUNGTRENNUNG(CH3)3), 28.9 (�, 3C, nBu�
CH2), 29.1 (�, CH2), 29.3 (�, CH2), 29.7 (�, 3C, nBu�CH2), 31.1 (�,
CH2), 32.8 (�, CH2), 42.2 (Cquat, C-3a), 46.2 (+ , C-7a), 72.4 (Cquat, C-
ACHTUNGTRENNUNG(CH3)3), 76.7 (+ , C-3), 137.4 (Cquat, C-6), 142.7 ppm (+ , C-7); MS
(70 eV): m/z (%): 443/442/441/440/439/438/437 (16/24/100/44/83/33/46)
[M+�C4H9], 387/386/385/384/383/382/381 (1/2/13/5/16/5/6) [M+


�C4H9�2PC4H8], 331/330/329/327/326/325/324 (2/1/12/4/11/4/5) [M+


�C4H9�2PC4H8], 293/292/291/290/289/288/287 (1/1/6/3/5/2/3) [SnBu3
+],


237/236/235/234/233/232/231 (1/1/4/2/3/2/1) [SnBu2H
+], 179/178/177/176/


175 (2/1/4/1/2) [SnBuH+], 136 (2) [M+�SnBu3�C4H8�CH3], 122/121/
120/119/118/117 (1/5/2/4/2/3) [SnH+], 91 (3), 57 (21) [tBu+], 41 (3); ele-
mental analysis calcd (%) for C26H50OSn (497.4): C 62.78, H 10.13; found
C 62.83, H 10.17.


(2aS,4aS,7aS,7bR)-4-Bromo-2,2-dichloro-6,6-dimethyl-2a,4a,7a,7b-tet-
rahydro-2H-5,7-dioxacyclobuta[e]inden-1-one (10a): Following GP 2,
bromocyclohexadiene 9a (4.80 g, 20.8 mmol) in diethyl ether (50 mL)
was treated with trichloroacetic acid chloride (5.67 g, 31.2 mmol) and
powdered zinc (2.72 g, 41.5 mmol). Workup with diethyl ether (100 mL),
sat. NaHCO3 solution (50 mL), water (50 mL), extraction with diethyl
ether (2P40 mL), and brine (30 mL) provided, after column chromatog-
raphy (50 g of silica gel, pentane/diethyl ether/triethylamine 1:1:0.01), the
product 10a as a yellow wax (4.45 g, 65%). Rf=0.3; IR (film): ñ =2988,
2936, 2881, 1809, 1751, 1648, 1472, 1454, 1382, 1370, 1347, 1306, 1236,
1165, 1072, 1044, 994, 965, 931, 871, 855, 786 cm�1; 1H NMR (300 MHz,
CDCl3): d=1.09 (s, 3H; CH3), 1.28 (s, 3H; CH3), 2.75 (ddd, 3J=9.6, 3J=


4.4, 3J=1.7 Hz, 1H; 2a-H), 3.84 (dd, 3J=9.6, 3J=2.5 Hz, 1H; 7b-H), 4.02
(d, 3J=5.7 Hz, 1H; 4a-H), 4.19 (dd, 3J=5.7, 3J=2.5 Hz, 1H; 7a-H),
5.80 ppm (dt, 3J=4.4, 3J=1.1 Hz, 1H; 3-H); 13C NMR (75.7 MHz, CDCl3
add. APT): d=26.15 (+ , CH3), 27.57 (+ , CH3), 45.24 (�, CH), 53.35 (�,
CH), 70.76 (+ , CHOC), 72.75 (+ , CHOC), 87.07 (�, Cquat, C-2), 110.16
(�, Cquat, C-6), 125.28 (+ , CH, C-3), 128.60 (�, Cquat, C-4), 190.95 ppm
(�, Cquat, C-1); MS (70 eV): m/z (%): 346/344/342/340 (4/27/57/37) [M+],
331/329/327/325 (4/26/56/35) [M+�CH3], 288/286/284/282 (3/20/40/25),
272 (14), 248 (11), 246/244/242/240 (4/26/56/36), 221 (22), 205 (71), 203
(100), 179/177/175/173 (10/53/98/36), 167 (8), 146 (21), 133 (23), 121 (27),
111 (32), 94 (47), 85 (73), 77 (39), 65 (64), 63 (29); elemental analysis
calcd (%) for C11H11BrCl2O3 (342.0): C 40.48, H 3.68; found C 40.24, H
3.66.


(2aS,4aS,7aS,7bR)-4-Iodo-2,2-dichloro-6,6-dimethyl-2a,4a,7a,7b-tetra-
hydro-2H-5,7-dioxacyclobuta[e]inden-1-one (10b): Following GP 2, the
iodocyclohexadiene 9b (2.50 g, 9.00 mmol) in diethyl ether (25 mL) was
treated with powdered zinc (1.18 g, 18.0 mmol) and trichloroacetic acid
chloride (2.45 g, 13.5 mmol) in diethyl ether (13 mL). Workup with dieth-
yl ether (100 mL), sat. NaHCO3 solution (50 mL), water (50 mL), and
brine (30 mL) yielded, after column chromatography (30 g of silica, pen-
tane/diethyl ether 2:1), product 10b as a colorless solid (434 mg, 12%).
Rf=0.4; 1H NMR (300 MHz, C6D6): d=1.04 (s, 3H; CH3), 1.24 (s, 3H;
CH3), 2.61 (ddd, 3J=9.3, 3J=4.4, 3J=1.7 Hz, 1H; 2a-H), 3.78 (dd, 3J=


9.3, 3J=2.5 Hz, 1H; 7b-H), 3.91 (d, 3J=5.5 Hz, 1H; 4a-H), 4.09 (dd, 3J=


5.5, 3J=2.5 Hz, 1H; 7a-H), 6.03 ppm (dt, 3J=4.4, 3J=0.6 Hz, 1H; 3-H);
13C NMR (75.6 MHz, CDCl3 add. APT): d=26.16 (+ , CH3), 27.53 (+ ,
CH3), 45.79 (+ , CH), 52.96 (+ , CH), 69.91 (+ , CHOC), 74.40 (+ ,
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CHOC), 90.74 (�, Cquat, C-2), 109.84 (�, Cquat, C-6), 132.76 (+ , CH, C-3),
149.90 (�, Cquat, C-4), 204.98 ppm (�, Cquat, C-1); MS (70 eV): m/z (%):
297/295/293/ ACHTUNGTRENNUNG(4/17/26), 265/263/261 (3/15/22/) [M+�I], 251/249/247 (8/23/
33), 209/207/205 (2/9/14), 176 (13), 169 (35), 166/164/162 (25/77/100), 143
(27), 127 (29) [I+], 125 (56), 111 (17), 99 (28), 95 (55), 85 (32), 77 (53),
66 (41), 61 (15); elemental analysis calcd (%) for C11H11Cl2IO3 (389.0): C
33.96, H 2.85; found C 34.25, H 2.85.


(3aR,5aR,8aR,8bS)-4-Bromo-6,6-dichloro-2,2-dimethyl-3a,5a,6,8,8a,8b-
hexahydro-1,3-dioxaACHTUNGTRENNUNG[a,s]indacen-7-one (11): A solution of the bicyclooc-
tenone 10a (1.99 g, 4.90 mmol) in diethyl ether (40 mL) and methanol
(11 mL) was treated with diazomethane in diethyl ether (46 mL,
46 mmol, ca. 1.0m) added at �15 8C over 45 min. After continued stirring
at �15 8C for 15 min, excess diazomethane was quenched with acetic
acid. Workup with sat. NaHCO3 solution (2P50 mL), drying over
MgSO4, and column chromatography (45 g of silica, pentane/diethyl
ether 2:1) yielded the indenone 11 as a yellow wax (1.00 g, 57%). Rf=


0.6; IR (film): ñ =2988, 2934, 1771, 1644, 1454, 1404, 1382, 1371, 1322,
1309, 1231, 1170, 1144, 1128, 1070, 1049, 1014, 982, 905, 867, 829,
783 cm�1; 1H NMR (300 MHz, C6D6): d=1.21 (s, 3H; CH3), 1.31 (s, 3H;
CH3), 1.33–1.48 (m, 1H), 1.89 (dd, 3J=19.5, 3J=8.2 Hz, 1H; 5a-H), 2.70
(mc, 1H; 8-H), 2.97 (mc, 1H; 8a-H), 3.65 (t, 3J=4.9 Hz, 1H; 8b-H), 3.93
(dd, 3J=4.9, 3J=2.2 Hz, 1H; 3a-H), 6.07 ppm (d, 3J=2.7 Hz, 1H; 5-H);
13C NMR (75.5 MHz, CDCl3 add. APT): d=26.65 (+ , CH3), 27.82 (+ ,
CH3), 32.30 (+ , CH), 32.89 (�, CH2), 50.61 (+ , CH), 74.00 (+ , CHOC),
74.58 (+ , CHOC), 87.05 (�, Cquat, C-6), 110.24 (�, Cquat, C-2), 125.44 (+ ,
CH, C-5), 127.60 (�, Cquat, C-4), 197.34 ppm (�, Cquat, C-8); MS (70 eV):
m/z (%): 345/343/341/339 (10/64/100/79) [M+�CH3], 305 (3) 299 (9), 270
(7), 263 (15), 243/241/239/237 (22/22/45/30), 217 (13), 212 (4), 191 (7), 184
(12), 182 (15), 172 (10), 161 (7), 133 (10), 127 (17), 125 (35), 112 (12), 101
(8), 89 (23), 75 (13), 65 (17), 61 (25); HRMS: m/z : calcd for
C12H13BrCl2O3�CH3 (341.0): 340.9160 (correct HRMS).


(3aR,5aR,8aR,8bS)-4-Bromo-2,2-dimethyl-3a,5a,6,8,8a,8b-hexahydro-
1,3-dioxaACHTUNGTRENNUNG[a,s]indacene-7-one (12): Powdered zinc (660 mg, 10.1 mmol)
was added to a solution of acetic acid (586 mg, 9.75 mmol) and tetrame-
thylethylenediamine (992 mg, 8.53 mmol) in ethanol (6.0 mL), and the
mixture was stirred at 23 8C for 20 min. After addition of the dichloroin-
denone 11 (620 mg, 1.74 mmol) in ethanol (3.0 mL), the mixture was
stirred at 23 8C for 3 h. The reaction mixture was poured into diethyl
ether (75 mL), and the solution was filtered through Celite. The filtrate
was washed with water (30 mL) and sat. NaHCO3 solution (25 mL).
After extraction of the combined aqueous phases with diethyl ether (2P
50 mL), the combined organic layers were dried over MgSO4. After con-
centration in vacuo, the residue was purified by column chromatography
(35 g of silica, pentane/diethyl ether 2:1) to yield the hexahydroindenone
12 as a yellow oil (415 mg, 83%). Rf=0.5; 1H NMR (300 MHz, C6D6):
d=1.26 (s, 3H; CH3), 1.36 (s, 3H; CH3), 1.42–1.58 (m, 1H), 1.66–1.82 (m,
3H), 2.30 (mc, 1H; 5a-H), 2.49 (mc, 1H; 8a-H), 3.83 (dd, 3J=4.9, 3J=


3.6 Hz, 1H; 8b-H), 4.11 (dd, 3J=5.2, 3J=2.2 Hz, 1H; 3a-H), 5.46 ppm (d,
3J=2.7 Hz, 1H; 5-H); 13C NMR (75.6 MHz, CDCl3 add. APT): d=26.77
(+ , CH3), 27.89 (+ , CH3), 35.15 (+ , CH), 36.34 (�, CH2), 38.27 (�,
CH2), 44.27 (+ , CH), 74.11 (+ , CHOC), 75.54 (+ , CHOC), 109.68 (�,
Cquat, C-2), 123.96 (�, Cquat, C-4), 132.55 (+ , CH, C-5), 213.07 ppm (�;
Cquat, C-8); MS (70 eV): m/z (%): 288/286 (12/13) [M+], 273/271 (100/99)
[M+�CH3], 231/229 (56/61) [M+�C ACHTUNGTRENNUNG(CH3)2], 213/211 (35/37) [M+


�HOCH ACHTUNGTRENNUNG(CH3)2], 189 (7), 186 (12), 185/183 (32/28), 171/169 (42/43), 159
(5), 150 (7), 149 (20), 132 (27), 121 (14), 107 (25), 104 (32), 91 (42), 77
(47), 65 (39), 59 (13); HRMS: m/z : calcd for C12H15BrO3 (287.1):
286.0204 (correct HRMS).


(3aR,5aR,8aR,8bS)-4-Bromo-2,2-dimethyl-spiro(1’,3’-dioxolane ACHTUNGTRENNUNG[2’,7]-
3a,5a,6,8,8a,8b-hexahydro-1,3-dioxaACHTUNGTRENNUNG[a,s]indacene (13): A solution of the
hexahydroindenone 12 (1.10 g, 3.83 mmol), ethylene glycol (1.34 g,
21.6 mmol), and triethyl orthoformate (1.30 g, 8.78 mmol) in dichlorome-
thane (40.0 mL) was treated with p-toluenesulfonic acid (10.0 mg,
0.160 mmol) at 23 8C for 23 h. After this time, the reaction mixture was
poured into diethyl ether (50 mL) and the mixture washed with sat.
NaHCO3 solution (20 mL) and water (20 mL). After extraction of the
combined aqueous phases with diethyl ether (2P35 mL), the combined
organic layers were dried over MgSO4. Concentration in vacuo and


column chromatography (40 g of silica, pentane/diethyl ether 2:1) yielded
compound 13 as a colorless oil (821 mg, 65%). Rf=0.4; 1H NMR
(300 MHz, C6D6): d =1.30 (s, 3H; CH3), 1.47 (s, 3H; CH3), 1.49–1.75 (m,
3H), 1.92 (dd, 3J=14.2, 3J=8.0 Hz, 1H), 2.50–2.69 (m, 2H), 3.32–3.52
(m, 4H; 2’-H, 3’-H), 3.99 (dd, 3J=5.2, 3J=3.3 Hz, 1H; 8b-H), 4.25 (dd,
3J=5.2, 3J=1.7 Hz, 1H; 3a-H), 5.76 ppm (d, 3J=2.7 Hz, 1H; 5-H);
13C NMR (75.6 MHz, CDCl3 add. APT): d=27.04 (+ , CH3), 28.21 (+ ,
CH3), 36.59 (+ , CH), 38.15 (+ , CH), 38.15 (�, CH2), 42.38 (�, CH2),
63.87 (�, CH2O), 64.46 (�, CH2O), 74.79 (+ , CHOC), 76.15 (+ ,
CHOC), 109.08 (�, Cquat, C-2), 116.48 (�, Cquat, C-7), 121.94 (�, Cquat, C-
4), 134.21 ppm (+ , CH, C-5); MS (70 eV): m/z (%): 332/330 (5/6) [M+],
317/315 (58/59) [M+�CH3], 275/273 (13/14), 257/253 (10/9), 231/229 (12/
12), 213/211 (10/10), 193 (30), 169 (10), 165 (8), 137 (5), 132 (12), 128
(55), 87 (82), 86 (100), 77 (26), 65 (22), 55 (10), 52 (6); HRMS: m/z :
calcd for C14H19BrO4 (331.2): 332.0445 (correct HRMS).


(3aR,5aR,8aR,8bS)-Tributyl ACHTUNGTRENNUNG{spiro[1’,3’-dioxolane ACHTUNGTRENNUNG[2’,7]-(2,2-dimethyl-
5a,6,7,8,8a,8b-hexahydro-3aH-1’,4’-dioxaspiro ACHTUNGTRENNUNG[4’.7]-1,3-dioxa-
ACHTUNGTRENNUNG[a,s]indacene-4-yl)]}stannane (14): tert-Butyllithium (3.59 mL, 5.38 mmol
1.50m in hexane) was added dropwise to a solution of bicyclononenylbro-
mide 13 (810 g, 2.54 mmol) in THF (30 mL) at �78 8C, and the mixture
was stirred for 1 h. The reaction mixture was warmed to 0 8C and stirred
for 30 min at this temperature. After cooling to �78 8C, tri-n-butyltin
chloride (1.19 g, 3.67 mmol) was added dropwise, and the reaction mix-
ture was warmed to 0 8C within 4 h. The reaction mixture was then
poured into diethyl ether (100 mL) and washed with NH4Cl solution
(35 mL, 1.0m). After drying over MgSO4, concentration in vacuo, and
column chromatography (35 g of silica, pentane/diethyl ether 2:1), the
bicyclo ACHTUNGTRENNUNG[4.3.0]nonenylstannane 14 was obtained as a colorless oil (923 mg,
70%). Rf=0.7; IR (film): ñ =2956, 2927, 2871, 1614, 1463, 1430, 1376,
1366, 1333, 1312, 1293, 1221, 1147, 1104, 1069, 1044, 960, 945, 905, 874,
788 cm�1; 1H NMR (300 MHz, C6D6): d =0.98 (t, 3J=7.2 Hz, 9H; nBuSn)
1.39 (s, 3H; CH3), 1.40–1.48 (m, 9H; nBuSn), 1.50 (s, 3H; CH3), 1.63–
1.93 (m, 12H), 2.18 (dd, 3J=13.7, 3J=8.8 Hz, 1H), 2.67–2.83 (m, 2H),
3.36–3.51 (m, 4H; 2’-H, 3’-H), 4.20 (dd, 3J=5.2, 3J=3.3 Hz, 1H; 8b-H),
4.47 (dt, 3J=5.2, 3J=1.1 Hz, 1H; 3a-H), 5.75 ppm (d, 3J=1.4 Hz, 1H; 5-
H); 13C NMR (75.6 MHz, CDCl3 add. APT): d=9.88 (+ , CH3, 3C,
nBuSn), 13.93 (�, CH2, 3C, nBuSn), 27.72 (�, CH2, 3C, nBuSn), 28.12
(+ , CH3), 28.57 (+ , CH3), 29.43 (�, CH2, 3C, nBuSn), 35.19 (+ , CH),
38.55 (+ , CH), 38.89 (�, CH2), 43.56 (�, CH2), 63.81 (�, CH2, CH2O),
64.32 (�, CH2, CH2O), 74.52 (+ , CHOC), 74.86 (+ , CHOC), 108.26 (�,
Cquat, C-2), 116.86 (�, Cquat, C-7), 138.84 (�, Cquat, C-4), 141.36 ppm (+ ,
CH, C-5); MS (70 eV): m/z (%): 530/529/528/527/526/525/524 (6/16/12/28/
12/18) [M+�CH3], 487/486/485/484/483/482/481 (20/28/100/52/84/30/52),
429/428/427/426/425/424/423 (15/21/88/40/61/30/34), 385/384/383/382/381/
380/379 (4/4/17/10/21/8/12), 339 (2), 327 (5), 291 (4), 270/269/268/267/266/
265/264 (6/5/26/10/22/7/12), 252 (6), 235 (5), 212 (10), 178/177/176/175/
174/173/172 (20/5/23/6/17/4/5), 160 (1), 133 (11), 119 (6), 105 (10), 91 (21),
87 (14), 77 (7), 59 (2); elemental analysis calcd (%) for C26H46O4Sn
(541.2): C 57.69, H 8.56; found C 57.32, H 8.68.


(2aS,4aS,7aS,7bR)-4-Bromo-2-chloro-6,6-dimethyl-2a,4a,7a,7b-tetrahy-
dro-2H-5,7-dioxacyclobuta[e]inden-1-one (15): A solution of the dichlor-
obicyclooctene 11 (0.500 g, 1.53 mmol) in methanol (1.20 mL) and THF
(5.00 mL) was treated with powdered zinc (401 mg, 6.13 mmol) and
NH4Cl (328 mg, 6.13 mmol) at 23 8C for 2 h in an ultrasonic bath. After
this time, the reaction mixture was poured into diethyl ether (75 mL),
and the solution was filtered through Celite. The filtrate was washed with
water (30 mL) and brine (25 mL). After drying over MgSO4 and concen-
tration in vacuo, column chromatography (30 g of silica, pentane/diethyl
ether 1:1) yielded the product 15 as a colorless wax (83.1 mg, 18%). Rf=


0.6; 1H NMR (300 MHz, CDCl3): d =1.13 (s, 3H; CH3), 1.34 (s, 3H;
CH3), 2.47 (mc, 1H; 2a-H), 3.19 (mc, 1H; 2-H), 3.93 (mC, 1H; 7b-H),
4.21–4.28 (m, 1H; 7a-H), 4.33 (dd, 3J=5.8, 3J=2.7 Hz, 1H; 4a-H),
5.97 ppm (dt, 3J=4.1, 3J=0.83 Hz, 1H; 3-H); 13C NMR (75.5.9 MHz,
CDCl3 add. APT): d=26.25 (+ , CH3), 27.55 (+ , CH3), 31.79 (�, CH),
53.14 (�, CH), 63.77 (+ , CH, C-2), 71.03 (+ , CHOC), 73.20 (+ ,
CHOC), 109.95 (�, Cquat, C-6), 125.90 (+ , CH, C-3), 127.34 (�, Cquat, C-
4), 196.16 ppm (�, Cquat, C-1); MS (70 eV): m/z (%): 310/308/306 (2/7/5)
[M+], 295/293/291 (7/25/20) [M+�CH3], 252/250/248 (5/19/15), 240/238/
236 (31/100/85), 221 (8), 217 (26), 215 (28), 185 (20), 173 (98), 169 (63),


Chem. Eur. J. 2008, 14, 7236 – 7249 H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 7243


FULL PAPERSynthesis of Enantiomerically Pure Steroidal Tetracycles



www.chemeurj.org





159 (30), 141 (39), 129 (33), 112 (16), 101 (44), 99 (98), 94 (71), 89 (21),
77 (96), 65 (67), 63 (39), 59 (31).


1,4-Dioxaspiro ACHTUNGTRENNUNG[4.5]dec-7-en-8-yl trifluoromethanesulfonate (17): Sodium
bis(trimethylsilyl)amide solution (13.4 mL, 26.8 mmol, 2.00m in THF)
was added to a solution of 1,4-dioxaspiro ACHTUNGTRENNUNG[4.5]decan-8-one (4.00 g,
25.6 mmol) in diethyl ether (300 mL) at �20 8C. After 60 min at this tem-
perature, the solution was treated with trifluoromethanesulfonic acid an-
hydride (4.52 mL, 26.9 mmol). After stirring for 16 h, during which time
the temperature was raised to 22 8C, the reaction mixture was washed
with sat. NaHCO3 solution (50 mL) and water (50 mL). The aqueous
phases were re-extracted with diethyl ether (2P50 mL), and the com-
bined organic phases were dried over MgSO4. After removal of the vola-
tile components in vacuo, the residue was purified by column chromatog-
raphy on silica gel (25 g, pentane/diethyl ether 5:1) to yield the title com-
pound 17 (Rf=0.4) as a colorless oil (7.08 g, 96%), the analytical data for
which were consistent with those reported previously.[15]


(1’S,3a’S,7a’S)-8-(1’-tert-Butoxy-7a’-methyl-2’,3’,3a’,6’,7’,7a’-hexahydro-
1’H-inden-5’-yl)-1,4-dioxaspiro ACHTUNGTRENNUNG[4.5]dec-7-ene (trans-19): Following GP 3,
enol triflate 17 (288 mg, 1.00 mmol) and bicycloACHTUNGTRENNUNG[4.3.0]nonenylstannane
trans-8 (597 mg, 1.20 mmol) in NMP (5 mL) were treated with [Pd2-
ACHTUNGTRENNUNG(dba)3]·CHCl3 (54.0 mg, 52.2 mmol), LiCl (127 mg, 3.00 mmol), and CuI
(30.0 mg, 158 mmol). Workup with diethyl ether (50 mL), water (2P
25 mL), extraction with diethyl ether (2P30 mL), treatment with sat. KF
solution (30 mL), and column chromatography (27 g of silica gel, pen-
tane/diethyl ether 10:1) yielded the tricyclic butadiene trans-19 as a color-
less wax (265 mg, 77%). Rf=0.4; IR (film): ñ =2975, 2930, 2873, 1465,
1457, 1388, 1377, 1362, 1341, 1252, 1197, 1165, 1118, 1059, 1015, 982, 946,
907, 859, 734, 701 cm�1; 1H NMR (250 MHz, CDCl3): d=0.69 (s, 3H;
CH3), 1.17 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.22–1.62 (m, 3H), 1.75–2.21 (m, 6H), 2.24–
2.33 (m, 6H), 3.49 (dd, 3J=11.4, 3J=8.0 Hz, 1H; 1’-H), 3.98 (s, 4H; 2-H,
3-H), 5.22–5.76 ppm (m, 2H; 4’-H, 7-H); 13C NMR (75.5 MHz, CDCl3,
add. APT): d =10.95 (+ , CH3), 24.46 (�, CH2), 24.77 (�, 2C, CH2), 28.68
(+ , 3C, C ACHTUNGTRENNUNG(CH3)3), 31.18 (�, CH2), 31.70 (�, CH2), 34.15 (�, CH2), 35.96
(�, CH2), 41.96 (�, Cquat, C-7a’), 44.36 (+ , CH, C-3’), 64.35 (�,
OCH2CH2O), 64.40 (�, OCH2CH2O), 72.17 (�, Cquat, C ACHTUNGTRENNUNG(CH3)3), 79.35
(+ , CH, C-1’), 108.02 (�, Cquat, C-5), 118.51 (�, Cquat), 123.81 (�, Cquat),
135.29 (�, Cquat), 135.82 ppm (�, Cquat); MS (70 eV): m/z (%): 346 (10)
[M+], 316 (1), 290 (100) [M+�C4H8], 289 (55) [M+�C4H9], 272 (5), 228
(26), 203 (22), 185 (10), 171 (6), 159 (9), 131 (12), 105 (11), 91 (10), 86
(22), 79 (4), 57 (38) [C4H9


+], 41 (9); HRMS: m/z : calcd for
C22H34O3+H+ (347.5): 347.25814 (correct HRMS).


(1’S,3a’R,7a’S)-8-(1’-tert-Butoxy-7a’-methyl-2’,3’,3a’,6’,7’,7a’-hexahydro-
1’H-inden-5’-yl)-1,4-dioxaspiro ACHTUNGTRENNUNG[4.5]dec-7-ene (cis-19): Following GP 3,
enol triflate 17 (288 mg, 1.00 mmol) and bicycloACHTUNGTRENNUNG[4.3.0]nonenylstannane
cis-8 (599 mg, 1.20 mmol) in NMP (5 mL) were treated with [Pd2-
ACHTUNGTRENNUNG(dba)3]·CHCl3 (54.1 mg, 52.2 mmol), LiCl (127 mg, 3.00 mmol) and CuI
(30.0 mg, 158 mmol). Workup with diethyl ether (45 mL), water (2P
25 mL), extraction with diethyl ether (2P30 mL), treatment with sat. KF
solution (30 mL), and column chromatography (25 g of silica gel, pen-
tane/diethyl ether 10:1) yielded the tricyclic butadiene cis-19 as a color-
less wax (253 mg, 73%). Rf=0.4; IR (film): ñ =2971, 2929, 2873, 1621,
1493, 1463, 1447, 1433, 1422, 1387, 1362, 1303, 1255, 1224, 1198, 1140,
1117, 1061, 1058, 1040, 1017, 994, 950, 897, 875, 861 cm�1; 1H NMR
(250 MHz, C6D6): d=1.15 (s, 9H, C ACHTUNGTRENNUNG(CH3)3), 1.17 (s, 3H, CH3), 1.21–1.48
(m, 2H), 1.58–1.78 (m, 3H), 1.87 (mc, 2H), 1.93–2.20 (m, 3H), 2.23 (mc,
4H), 2.24–2.33 (m, 1H), 3.53–3.62 (m, 5H, 1’-H, 2-H, 3-H), 5.69 (mc, 1H,
7’-H), 5.39 ppm (mc, 1H, 4’-H); 13C NMR (75.5 MHz, CDCl3 add. APT):
d=21.51 (+ , CH3), 22.79 (�, CH2), 25.37 (�, CH2), 28.82 (+ , 3C, C-
ACHTUNGTRENNUNG(CH3)3), 29.36 (�, CH2), 30.90 (�, CH2), 31.84 (�, CH2), 33.12 (�, CH2),
36.62 (�, CH2), 42.15 (�, Cquat, C-7a’), 44.92 (+ , CH, C-3a’), 64.28 (�,
CH2, 2C, OCH2CH2O), 72.36 (�, Cquat, C ACHTUNGTRENNUNG(CH3)3), 76.86 (+ , CH, C-1’),
108.22 (�, Cquat, C-5), 119.23 (+ , CH), 126.76 (+ , CH), 133.88 (�, Cquat),
136.43 ppm (�, Cquat); MS (70 eV): m/z (%): 346 (3) [M+], 321 (1), 306
(3), 290 (100) [M+�C4H8], 289 (46) [M+�C4H9], 245 (4), 228 (30), 203
(9), 185 (9), 159 (11), 145 (13), 131 (20), 97 (19), 91 (22), 86 (42), 79 (10),
57 (88) [C4H9


+], 41 (26); ESI-HRMS: calcd for C22H34O3+H+ (347.5):
347.25807 (correct HRMS).


(3aR,5aR,8aR,8bS)-4’-Cyclohex-1-enyl-2,2-dimethyl-spiro(1’,3’-
dioxolaneACHTUNGTRENNUNG[2’,7]-3a,5a,6,8,8a,8b-hexahydro-1,3-dioxaACHTUNGTRENNUNG[a,s]indacene) (20):
Following GP 3, a solution of the enol triflate 18 (348 mg, 1.48 mmol)
and the bicycloACHTUNGTRENNUNG[4.3.0]nonenylstannane 14 (400 mg, 0.739 mmol) in NMP
(7.0 mL) was treated with [Pd2 ACHTUNGTRENNUNG(dba)3]·CHCl3 (81.7 mg, 78.9 mmol), LiCl
(188 mg, 4.43 mmol), and CuI (281 mg, 1.88 mmol) at 65 8C for 13 h.
Workup with diethyl ether (80 mL) and water (2P25 mL), extraction
with diethyl ether (2P40 mL), treatment with sat. KF solution (35 mL),
and column chromatography (22 g of silica gel, pentane/diethyl ether 2:1)
yielded the tricyclic butadiene 20 as a colorless oil (84.0 mg, 34%). Rf=


0.3; IR (film): ñ =2972, 2934, 2873, 1462, 1453, 1382, 1352, 1250, 1184,
1052, 1010, 981, 936, 858, 732 cm�1; 1H NMR (300 MHz, CDCl3): d =1.33
(s, 3H; CH3), 1.40 (s, 3H; CH3), 1.69–1.81 (m, 4H), 1.85–1.97 (m, 2H),
2.00–2.22 (m, 5H), 2.52–2.84 (m, 3H), 3.33–3.57 (m, 4H; 2’’-H, 3’’-H),
4.21 (t, 3J=6.1 Hz, 1H; 8a-H), 4.61 (d, 3J=5.2 Hz, 1H; 3a-H), 5.57 (d,
3J=3.3 Hz, 1H; 5-H), 6.23 ppm (mC, 1H; 2’-H); 13C NMR (75.6 MHz,
CDCl3, add. APT): d=22.82 (�, CH2), 24.61 (�, CH2), 26.99 (+ , CH3),
28.43 (+ , CH3), 33.92 (�, CH2), 34.03 (+ , CH), 36.73 (�, CH2), 38.45 (�,
CH2), 39.23 (+ , CH), 43.58 (�, CH2), 63.85 (�, OCH2CH2O), 64.46 (�,
OCH2CH2O), 72.11 (+ , CH, CHOC), 74.83 (+ , CH, CHOC), 108.61 (�,
Cquat, C-2), 116.98 (�, Cquat, C-7), 119.90 (+ , CH, C-2’), 130.82 (+ , CH,
C-5), 137.83 (�, Cquat), 137.83 ppm (�, Cquat); MS (70 eV): m/z (%): 332
(10) [M+], 317 (14) [M+�CH3], 309 (27), 292 (31), 273 (100), 258 (11),
229 (34), 201 (28), 189 (19), 167 (8), 141 (17), 126 (22), 99 (15), 91 (21),
87 (41), 83 (33), 73 (10), 67 (17); HRMS: m/z : calcd for C20H28O4 (332.4):
332.1987 (correct HRMS).


(3aR,3bS,9aS,10S,12aS,12bR,12cS)-10-tert-Butoxy-9a-methyl-
spiro(1’,3’dioxolaneACHTUNGTRENNUNG[2’,5]-3b,4,5,6,7,8,9,9a,10,11,12,12a,12b,12c-tetradeca-
hydro-3aH-2-oxadicyclopenta ACHTUNGTRENNUNG[a,l]phenanthrene-1,3-dione) (trans-21):
Following GP 4, a solution of the tricyclic diene trans-19 (100 mg,
0.289 mmol) and maleic anhydride (35.4 mg, 0.361 mmol) in benzene
(2.0 mL) was stirred at ambient temperature for 12 h. Column chroma-
tography (32 g of silica gel, diethyl ether/pentane 1:1) provided the title
product trans-21 as a colorless wax (103 mg, 80%). Rf=0.4; [a]20D =�13.5
(c=1.23 in MeOAc); IR (film): ñ =2973, 2882, 1717, 1700, 1653, 1635,
1557, 1506, 1447, 1417, 1388, 1363, 1288, 1238, 1197, 1118, 1092, 1060,
946, 910, 734 cm�1; 1H NMR (300 MHz, C6D6): d =0.64 (s, 3H; CH3),
1.07 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.58–1.73 (m, 5H), 1.82–2.19 (m, 10H), 2.21–2.38
(m, 3H), 2.68 (t, 3J=17.5 Hz, 1H), 3.34 (t, 3J=7.2 Hz, 1H; 17-H), 3.43–
3.60 ppm (m, 4H; OCH2CH2O); 13C NMR (75.5 MHz, C6D6, add. APT):
d=11.06 (+ , CH3), 23.78 (�, CH2), 24.87 (�, CH2), 25.10 (�, CH2), 28.92
(+ , 3C, C ACHTUNGTRENNUNG(CH3)3), 31.54 (�, CH2), 33.53 (�, CH2), 33.71 (+ , CH), 34.17
(�, CH2), 34.90 (�, CH2), 39.29 (+ , CH), 42.00 (+ , CH), 42.77 (�, Cquat,
C-13), 43.04 (+ , CH), 44.91 (+ , CH), 64.26 (�, 2C, OCH2CH2O), 72.32
(�, Cquat, C ACHTUNGTRENNUNG(CH3)3), 80.44 (+ , CH, C-17), 109.43 (�, Cquat, C-5), 130.38
(�, Cquat, C=C), 131.80 (�, Cquat, C=C), 171.85 (�, Cquat, OC=O),
172.21 ppm (�, Cquat, OC=O); MS (70 eV): m/z (%): 444 (18) [M+], 416
(59), 388 (76) [M+�C4H8], 360 (100), 342 (30), 315 (15), 297 (56), 286
(10), 253 (12), 203 (7), 169 (6), 155 (11), 131 (15), 99 (41), 86 (64), 57
(100) [C4H9


+], 41 (24); HRMS: m/z : calcd for C26H36O6+H+ (445.6):
445.25847 (correct HRMS); the X-ray crystal structure analysis of trans-
21 has been published elsewhere.[23]


(6S,7S,5R,8S,13R,14S,17S)-17-tert-Butoxy-13-methyl-spiro(1’,3’-
dioxolaneACHTUNGTRENNUNG[2’,3]-2,3,4,5,6,7,8,11,12,13,14,15,16,17-tetradecahydro-1H-cyclo-
penta[a]phenanthrene-6,7-dicarbonitrile) (trans-22): Following GP 4, a
solution of the tricyclic diene trans-19 (350 mg, 1.01 mmol) and fumaroni-
trile (117 mg, 1.50 mmol) in toluene (2.00 mL) was heated at 110 8C for
16 h. Column chromatography (25 g of silica gel, pentane/diethyl ether
1:1) provided the title compound trans-22 (357 mg, 84%) as colorless
crystals. Crystals suitable for X-ray diffraction were grown from pentane/
diethyl ether 1:1 by slow evaporation of the solvent. M.p.: 183–184 8C;
Rf=0.4; [a]20D =++36.5 (c=1.06 in MeOAc); IR (film): ñ =2973, 2931,
2882, 2296, 1700, 1653, 1635, 1472, 1457, 1394, 1362, 1246, 1196, 1143,
1107, 1094, 1068, 1041, 1017, 982, 946, 906, 881 cm�1; 1H NMR (250 MHz,
CDCl3): d=0.86 (s, 3H; CH3), 1.16 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.32–2.13 (m,
13H), 2.29 (mc, 1H), 2.55 (mc, 1H), 2.71–2.86 (m, 2H), 3.00–3.14 (m,
2H), 3.46 (t, 3J=8.3 Hz, 1H; 17-H), 3.98 ppm (mc, 4H; OCH2CH2O);
13C NMR (75.6 MHz, CDCl3, add. APT): d=10.77 (+ , CH3), 23.62 (�,
CH2), 24.13 (�, CH2), 26.78 (�, CH2), 28.67 (+ , 3C, C ACHTUNGTRENNUNG(CH3)3), 29.53 (+ ,
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CH), 30.89 (�, CH2), 31.89 (+ , CH2), 35.44 (�, CH2), 36.12 (+ , CH),
36.12 (�, CH2), 37.62 (+ , CH), 42.54 (�, CH2), 42.64 (�, CH2), 47.13 (+ ,
CH), 64.46 (�, OCH2CH2O), 64.57 (�, OCH2CH2O), 72.54 (�, Cquat, C-
ACHTUNGTRENNUNG(CH3)3), 80.01 (+ , CH, C-17), 108.12 (�, Cquat, OCO), 118.33 (�, Cquat,
CN), 119.37 (�, Cquat, CN), 127.54 (�, Cquat), 128.06 ppm (�, Cquat); MS
(70 eV): m/z (%): 424 (29) [M+], 396 (6), 368 (51), 350 (31), 323 (26),
305 (14), 279 (42), 262 (14), 235 (6), 194 (2), 180 (8), 168 (4), 129 (4), 99
(10), 86 (56), 57 (100) [C4H9


+], 41 (14); HRMS: m/z : calcd for
C26H36O3N2+H+ (425.6): 425.280358 (correct HRMS); the X-ray crystal
structure analysis of trans-22 has previously been published.[23]


(3aR,3bS,9aS,10S,12aS,12bR,12cS)-10-tert-Butoxy-2,9a-dimethyl-
spiro(1’,3’-dioxolane ACHTUNGTRENNUNG[2’,5]-3b,6,7,8,9,9a,10,11,12,12a,12b,12c-dodecahy-
dro-3aH,4H-2-azadicyclopenta ACHTUNGTRENNUNG[a,l]phenanthrene-1,3-dione) (trans-23):
Following GP 4, a solution of the tricyclic diene trans-19 (80.4 mg,
0.232 mmol) in benzene (1.00 mL) and N-methylmaleimide (42.9 mg,
0.348 mmol) was heated at 90 8C for 15 h. Column chromatography (15 g
of silica, pentane/diethyl ether/methanol 1:1:0.04) provided the title com-
pound trans-23 as a colorless wax (83.9 mg, 79%). Rf=0.3; IR (film): ñ=


2974, 2936, 2874, 1718, 1653, 1457, 1437, 1391, 1368, 1249, 1196, 1153,
1048, 957, 903, 845, 754 cm�1; 1H NMR (250 MHz, C6D6): d =0.78 (s, 3H;
CH3), 0.80–1.00 (m, 2H), 1.09 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.13–1.38 (m, 3H), 1.52–
1.79 (m, 3H), 1.82–2.27 (m, 4H), 2.30–2.58 (m, 6H), 2.61 (s, 3H; NCH3),
2.99 (t, 3J=13.6 Hz, 1H), 3.39 (t, 3J=8.3 Hz, 1H; 10-H), 3.52–3.68 ppm
(m, 4H; OCH2CH2O); 13C NMR (62.9 MHz, C6D6, add. DEPT): d=


11.30 (+ , CH3), 23.86 (�, CH2), 24.28 (�, CH2), 24.77 (+ , CH), 25.31 (�,
CH2), 28.86 (+ , CH, 3C, C ACHTUNGTRENNUNG(CH3)3), 31.69 (�, CH2), 33.90 (�, CH2), 34.47
(+ , CH), 34.47 (�, CH2), 40.36 (�, CH2), 41.55 (+ , CH), 42.25 (+ , CH),
42.78 (+ , CH), 42.82 (Cquat, C-9a), 43.99 (+ , CH), 64.12 (�, 2C,
OCH2CH2O), 72.16 (Cquat, C ACHTUNGTRENNUNG(CH3)3), 80.79 (+ , CH, C-10), 109.99 (Cquat,
C-5), 130.09 (Cquat), 131.43 (Cquat), 177.43 (Cquat, NC=O), 177.67 ppm
(Cquat, NC=O); MS (70 eV): m/z (%): 457 (2) [M+], 401 (20) [M+


�C4H8], 400 (6) [M+�C4H9], 356 (2), 339 (8), 289 (2), 227 (1), 155 (1),
112 (2), 99 (7), 78 (100), 52 (10), 45 (5); HRMS: m/z : calcd for
C27H39O5N+H+ (458.6): 458.29005 (correct HRMS).


Dimethyl(5R,8S,13S,14S,17S)-17-tert-butoxy-13-methyl-
spiro(1’,3’dioxolaneACHTUNGTRENNUNG[2’,3]-2,3,4,5,8,11,12,13,14,15,16,17-dodecahydro-1H-
cyclopenta[a]phenanthrene-6,7-dicarboxylate) (trans-24): Following GP
4, a solution of the tricyclic diene trans-19 (100 mg, 0.289 mmol) and di-
methyl acetylenedicarboxylate (103 mg, 0.726 mmol) in benzene
(1.00 mL) was heated at 90 8C for 14 h. Column chromatography (30 g of
silica gel, pentane/diethyl ether 1:1) provided the title product trans-24 as
a colorless wax (91.8 mg, 65%). Rf=0.4; [a]20D =++79.5 (c=1.17 in
MeOAc); IR (film): ñ=2972, 2845, 1739, 1652, 1635, 1464, 1419, 1387,
1374, 1250, 1224, 1191, 1109, 1090, 1014, 923, 858 cm�1; 1H NMR
(300 MHz, CDCl3): d=0.92 (s, 3H; CH3), 1.09 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.13–
1.60 (m, 3H), 1.65–1.99 (m, 5H), 2.42–2.76 (m, 7H), 3.00–3.11 (m, 1H),
3.19–3.25 (m, 1H), 3.31 (dd, 3J=8.7, 3J=6.3 Hz, 1H; 17-H), 3.72 (s, 3H;
OCH3), 3.77 (s, 3H; OCH3), 3.91–4.05 ppm (m, 4H; OCH2CH2O);
13C NMR (75.6 MHz, CDCl3, add. APT): d=11.68 (+ , CH3), 23.35 (�,
CH2), 24.75 (�, CH2), 26.12 (�, CH2), 28.66 (+ , 3C, CACHTUNGTRENNUNG(CH3)3), 31.26 (�,
CH2), 37.41 (�, CH2), 38.65 (+ , CH), 39.32 (�, CH2), 40.26 (+ , CH),
43.81 (�, CH2), 44.10 (�, Cquat, C-13), 51.98 (+ , CH), 52.09 (+ , CH),
54.41 (+ , CH), 64.37 (�, OCH2CH2O), 64.39 (�, OCH2CH2O), 72.36 (�,
Cquat, C ACHTUNGTRENNUNG(CH3)3), 79.56 (+ , CH, C-17), 108.13 (�, Cquat, C-3), 126.31 (�,
Cquat), 130.80 (�, Cquat), 135.56 (�, Cquat), 149.03 (�, Cquat), 168.44 (�,
Cquat, C=O), 169.01 ppm (�, Cquat, C=O); MS (70 eV): m/z (%): 488 (6)
[M+], 456 (100), 428 (3), 399 (54), 341 (6), 301 (5), 288 (9), 275 (12), 230
(4), 203 (1), 143 (2), 115 (4), 99 (15), 86 (12), 57 (52) [C4H9


+], 41 (12);
HRMS: m/z : calcd for C28H40O7+H+ (489.6): 489.28468 (correct HRMS).


(5R,8S,13S,14S,17S)-Spiro(1’,3’-dioxolane-[2’,3]-17-tert-butoxy-6-chloro-
13-methyl-2,3,4,5,6,7,8,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopen-
ta[a]phenanthrene-6-carbonitrile) (trans-25): Following GP 4, the tricy-
clic diene (trans-19) (100 mg, 0.289 mmol) and 2-chloroacrylonitrile
(0.200 mL) in benzene (1.0 mL) were heated at 90 8C for 14 h. Column
chromatography (35 g of silica gel, pentane/diethyl ether 3:1) provided
the title compound trans-25 as a mixture of isomers and as a colorless
wax (84.0 mg, 67%). Rf=0.4; IR (film): ñ =2973, 2931, 1717, 1675, 1635,
1617, 1472, 1457, 1437, 1419, 1389, 1363, 1249, 1198, 1142, 1118, 1092,


1066, 983, 944, 912, 883, 862 cm�1; 1H NMR (250 MHz, CDCl3, distin-
guishable signals of the individual diastereomers are marked by #): d=


0.86 (s, 3H; CH3), 0.86 (s, 3H; CH3)
#, 1.15 (s, 9H; CACHTUNGTRENNUNG(CH3)3), 1.17 (s, 9H;


C ACHTUNGTRENNUNG(CH3)3)
#, 1.22–1.63 (m, 11H), 1.71–2.82 (m, 8H), 3.38–3.47 (m, 1H),


3.99 ppm (mc, 4H; OCH2CH2O); 13C NMR (75.5 MHz, CDCl3, add.
APT): d=11.26 (+ , CH3), 11.37 (+ , CH3), 24.75 (�, CH2), 25.13 (�,
CH2), 25.59 (�, CH2), 25.74 (�, CH2), 25.94 (�, CH2), 26.80 (�, CH2),
28.67 (+ , 3C, C ACHTUNGTRENNUNG(CH3)3), 29.24 (�, CH2), 31.11 (�, CH2), 31.21 (�, CH2),
34.45 (+ , CH), 35.13 (�, CH2), 35.48 (�, CH2), 35.66 (�, CH2), 37.40 (�,
CH2), 40.79 (�, CH2), 41.42 (�, CH2), 41.56 (�, CH2), 41.82 (�, CH2),
42.70 (�, Cquat), 43.41 (�, Cquat), 45.55 (+ , CH), 45.78 (+ , CH), 46.72 (+ ,
CH), 47.71 (+ , CH), 58.54 (�, Cquat), 58.96 (�, Cquat), 60.36 (�, Cquat),
64.36 (�, OCH2CH2O), 72.42 (�, Cquat, C ACHTUNGTRENNUNG(CH3)3), 79.92 (+ , CH, C-17),
79.98 (+ , CH, C-17), 108.29 (�, Cquat, C-3), 108.44 (�, Cquat, C-3), 119.45
(�, Cquat), 120.73 (�, Cquat), 127.37 (�, Cquat), 128.28 (�, Cquat), 129.19 (�,
Cquat), 129.54 (�, Cquat), 129.69 ppm (�, Cquat); MS (70 eV): m/z (%): 435/
433 (1/4) [M+], 397 (1), 379/377 (4/11) [M+�C4H8], 341 (8), 315 (2), 289/
287 (3/10), 252 (36), 246 (15), 208 (6), 166 (2), 155 (100), 133 (8), 111
(14), 96 (21), 84 (25), 57 (27) [C4H9


+], 41 (9); HRMS: m/z : calcd for
C25H36ClNO3+H+ (436.0): 434.24565 (correct HRMS).


(3bS,9aS,10S,12aS,12bR)-10-tert-Butoxy-9a-methyl-2-phenyl-spiro(1’,3’-
dioxolaneACHTUNGTRENNUNG[2’,5]-4,5,6,7,8,9,9a,10,11,12,12a,12b-dodecahydro-3bH-
2,3a,12c-triazadicyclopentaACHTUNGTRENNUNG[a,l]phenanthrene-1,3-dione) (trans-26): Fol-
lowing GP 4, a solution of the tricyclic diene trans-19 (100 mg,
0.289 mmol) and 4-phenyl-1,2,4-triazoline-3,5-dione (76.0 mg,
0.434 mmol) in dichloromethane (2.0 mL) was stirred at ambient temper-
ature for 12 h. Column chromatography (32 g of silica gel, diethyl ether/
pentane 1:2) provided the title product trans-26 as a colorless wax
(116 mg, 77%). Rf=0.3; [a]20D =++60.3 (c=1.09 in MeOAc); IR (film):
ñ=3067, 2973, 2931, 1768, 1714, 1685, 1646, 1559, 1503, 1457, 1419, 1362,
1299, 1267, 1244, 1194, 1143, 1092, 1073, 945, 911, 733 cm�1; 1H NMR
(300 MHz, CDCl3): d=1.02 (s, 3H; CH3), 1.10 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.42–
1.73 (m, 6H), 1.79–2.21 (m, 7H), 2.77 (mc, 2H), 3.08 (mc, 1H), 3.39 (t,
3J=7.3 Hz, 1H; 10-H), 3.90–4.08 (m, 5H), 7.27–7.53 ppm (m, 5H; Ph);
13C NMR (75.5 MHz, CDCl3, add. APT): d=11.75 (+ , CH3), 23.90 (�,
CH2), 24.65 (�, CH2), 25.59 (�, CH2), 28.76 (+ , 3C, CACHTUNGTRENNUNG(CH3)3), 31.00 (�,
CH2), 35.87 (�, CH2), 38.85 (�, CH2), 41.28 (�, Cquat, C-13), 45.03 (�,
CH2), 52.52 (+ , CH), 54.76 (+ , CH), 55.50 (+ , CH), 64.47 (�, 2C, CH2,
OCH2CH2O), 72.53 (�, Cquat, C ACHTUNGTRENNUNG(CH3)3), 79.63 (+ , CH, C-10), 107.49 (�,
Cquat, C-5), 123.57 (�, Cquat), 125.26 (+ , CH), 127.63 (+ , CH, 2C, Ph),
129.18 (+ , CH, 2C, Ph), 129.75 (�, Cquat), 131.42 (�, Cquat), 149.76 (�,
Cquat, NC=O), 153.49 ppm (�, Cquat, NC=O); MS (70 eV): m/z (%): 521.4
(100) [M+], 465 (62) [M+�C4H8], 420 (5), 354 (8), 345 (2), 289 (16), 289
(2), 231 (2), 178 (9), 119 (4), 99 (21), 786 (6), 57 (21) [C4H9


+], 41 (4);
HRMS: m/z : calcd for C30H39N3O5+H+ (522.7): 522.29631 (correct
HRMS).


(9aS,10S,12aR)-10-tert-Butoxy-2,9a-dimethyl-spiro(1’,3’-dioxolane ACHTUNGTRENNUNG[2’,5]-
3b,6,7,8,9,9a,10,11,12,12a,12b,12c-dodecahydro-3aH,4H-2-
azadicyclopenta ACHTUNGTRENNUNG[a,l]phenanthrene-1,3-dione) (cis-23a,b): Following GP
4, a solution of the tricyclic diene cis-19 (416 mg, 1.20 mmol) and N-
methylmaleimide (187 mg, 1.50 mmol) in benzene (2.00 mL) was heated
at 110 8C for 14 h. Column chromatography (25 g of silica gel, pentane/di-
ethyl ether/methanol 1:1:0.02) provided the title compounds cis-23a,b as
a colorless wax (341 mg, 62%). Rf=0.3; [a]20D =++3.20 (c=1.53 in
MeOAc); IR (film): ñ=2969, 2881, 1772, 1744, 1700, 1653, 1617, 1457,
1436, 1383, 1363, 1327, 1287, 1246, 1198, 1121, 1091, 1048, 979, 948, 902,
871, 844 cm�1; 1H NMR (250 MHz, CDCl3, distinguishable signals of the
individual diastereomers are marked by #): d=0.83 (s, 3H; CH3), 1.00 (s,
3H; CH3)


#, 1.16 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.18 (s, 9H; CACHTUNGTRENNUNG(CH3)3)
#, 1.22–2.05 (m,


7H), 2.12–2.58 (m, 10H), 2.72 (mc, 1H), 2.90 (s, 3H; NCH3), 2.98 (s, 3H;
NCH3)


#, 3.04 (mC, 1H), 3.52 (dd, 3J=9.5, 3J=8.0 Hz, 1H; 10-H), 3.52–
3.68 ppm (m, 4H; OCH2CH2O); 13C NMR (75.5 MHz, CDCl3, add.
APT): d =22.08 (+ , CH3), 23.00 (+ , CH3)


#, 23.37 (�, CH2), 23.71 (�,
CH2)


#, 24.52 (+ , CH), 24.84 (+ , CH)#, 25.76 (�, CH2), 25.97 (�, CH2)
#,


26.33 (�, CH2), 28.72 (+ , 3C, CACHTUNGTRENNUNG(CH3)3)
#, 28.84 (+ , 3C, C ACHTUNGTRENNUNG(CH3)3), 30.96


(�, CH2), 31.62 (�, CH2)
#, 33.54 (+ , CH), 33.91 (�, CH2), 34.06 (�,


CH2)
#, 34.72 (�, CH2), 35.04 (+ , CH)#, 35.41 (�, CH2), 35.66 (�, CH2)


#,
36.62 (+ , CH), 40.73 (+ , CH)#, 41.76 (+ , CH), 41.96 (+ , CH)#, 42.01 (+ ,
CH)#, 42.51 (�, Cquat), 42.89 (+ , CH), 43.74 (�, Cquat)


#, 52.86 (+ , NCH3),
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64.07 (�, CH2, 2C, OCH2CH2O), 64.40 (�, CH2, 2C, OCH2CH2O)#,
72.29 (�, Cquat, C ACHTUNGTRENNUNG(CH3)3), 72.55 (�, Cquat, C ACHTUNGTRENNUNG(CH3)3]


#, 76.19 (+ , CH, C-10),
80.36 (+ , CH, C-10)#, 108.15 (�, Cquat, C-5), 109.91 (�, Cquat, C-5)#,
125.94 (�, Cquat), 127.97 (�, Cquat)


#, 129.77 (�, Cquat), 134.04 (�, Cquat)
#,


177.71 (�, Cquat, C=O), 177.89 (�, Cquat, C=O), 179.73 (�, Cquat, C=O)#,
179.83 ppm (�, Cquat, C=O)#; MS (70 eV): m/z (%): 457 (1) [M+], 412
(1), 401 (64) [M+�C4H8], 400 (22) [M+�C4H9], 383 (10), 356 (7), 339
(22), 321 (9), 305 (4), 290 (1), 155 (2), 112 (3), 86 (5), 78 (6), 74 (26), 57
(9) [C4H9


+], 43 (100); HRMS: m/z : calcd for C27H39NO5+H+ (458.6):
458.29044 (correct HRMS).


(8aR,9S,9aR,12aR)-10,10-dimethyl-spiro(1’,3’-dioxolane ACHTUNGTRENNUNG[2’,12])-
2,3b,4,5,6,7,8,12,12a,13,14,15,15a,15b,15c-tetradecahydro-3aH-2-phenyl-
9,14-dioxa-[c]-2-azadicyclopenta ACHTUNGTRENNUNG[a,l]phenanthrene-1,3-dione) (27a,b):
Following GP 4, a solution of the tricyclic diene 20 (60.0 mg, 0.181 mmol)
and N-phenylmaleimide (156 mg, 0.962 mmol) in toluene (2.0 mL) was
stirred at 80 8C for 20 h. Column chromatography (19 g of silica gel, pen-
tane/diethyl ether 2:1) provided the title products 27a,b as a colorless
wax (48.5 mg, 53%). Rf=0.3; IR (film): ñ =3064, 2963, 2874, 1742, 1705,
1650, 1627, 1448, 1373, 1354, 1320, 1292, 1257, 1199, 1121, 1091, 1066,
994, 944, 912, 845 cm�1; 1H NMR (300 MHz, CDCl3, distinguishable sig-
nals of the individual diastereomers are marked with “#”): d=1.29 (s,
3H; CH3), 1.42 (s, 3H; CH3), 1.40 (s, 3H; CH3)


#, 1.49 (s, 3H; CH3)
#,


1.60–1.73 (m, 2H)#, 1.82–2.01 (m, 2H), 2.04–2.20 (m, 2H), 2.28–2.49 (m,
5H), 2.51–2.69 (m, 2H), 2.73 (dd, 3J=8.8, 3J=6.9 Hz, 1H), 3.34–3.60 (m,
4H; 2’’-H, 3’’-H), 4.05 (dd, 3J=6.9, 3J=2.2 Hz, 1H; 9-H), 4.83 (d, 3J=


6.6 Hz, 1H; 8-H), 6.94–7.03 (m, 3H; Ph)#, 7.10–7.24 (m, 3H; Ph), 7.43–
7.51 (m, 2H; Ph), 7.58–7.63 ppm (m, 2H; Ph)#; 13C NMR (75.5 MHz,
CDCl3 add. APT): d=20.94 (�, CH2), 21.52 (�, CH2), 23.47 (�, CH2),
23.69 (�, CH2), 25.24 (+ , CH3), 27.27 (+ , CH3), 30.38 (+ , CH)#, 32.52
(+ , CH), 37.67 (+ , CH), 39.87 (�, CH2), 42.65 (+ , CH), 43.37 (+ , CH),
44.06 (�, CH2), 45.08 (+ , CH), 63.88 (�, OCH2CH2O), 64.35 (�,
OCH2CH2O), 69.02 (+ , CH, C-9), 74.34 (+ , CH, C-8), 107.54 (�, Cquat,
C-11), 117.02 (�, Cquat, C-2’), 119.63 (+ , CH, Ph), 123.99 (�, Cquat)


#,
125.02 (�, Cquat), 125.84 (�, Cquat)


#, 127.77 (+ , CH, 2C, Ph), 127.87 (+ ,
CH, 2C, Ph)#, 128.60 (+ , CH, 2C, Ph), 128.79 (+ , CH, 2C, Ph)#, 133.42
(�, Cquat, Ph), 143.80 (�, Cquat), 175.82 (�, Cquat, C=O), 176.51 ppm (�,
Cquat, C=O); MS (70 eV): m/z (%): 505 (100) [M+], 490 (7) [M+�CH3],
447 (11), 403 (24), 385 (16), 361 (7), 345 (96), 318 (11), 273 (5), 199 (26),
171 (13), 157 (10), 129 (22), 99 (17), 91 (24), 87 (40), 77 (12), 67 (10);
HRMS: m/z : calcd for C30H35O6N (505.6): 505.2463 (correct HRMS).


(13S,14S,17S)-17-tert-Butoxy-13-methyl-spiro(1’’,3’’-dioxolane ACHTUNGTRENNUNG[2’’,3]-
2,3,4,5,6,7,8,11,23,13,14,15,16,17-tetradecahydro-1H-(6’,6’dimethyl-4’,8’-
dioxaspiro) ACHTUNGTRENNUNG[6’,3]cyclopropa ACHTUNGTRENNUNG[6,7]cyclopenta[a]phenanthrene) (trans-28):
Following GP 4, a solution of the tricyclic diene trans-19 (100 mg,
0.289 mmol) and 6,6-dimethyl-4,8-dioxaspiro ACHTUNGTRENNUNG[2.5]oct-1-ene (60.8 mg,
0.434 mmol) in benzene (1.5 mL) was stirred at 130 8C for 12 h. Column
chromatography (27 g of silica gel, pentane/diethyl ether 1:1) provided a
mixture of two diastereoisomers of trans-28 as a colorless wax (43.6 mg,
31%). Rf=0.5; IR (film): ñ =2965, 2872, 1653, 1635, 1472, 1393, 1363,
1267, 1220, 1193, 1108, 1078, 1036, 962, 948, 898, 823, 794 cm�1; 1H NMR
(300 MHz, C6D6, distinguishable signals of the single diastereomers are
marked by #): d=0.73 (s, 3H; CH3), 0.88 (s, 6H; CH3)


#, 0.98 (s, 3H;
CH3), 1.03 (s, 3H; CH3), 1.10 (s, 9H; C ACHTUNGTRENNUNG(CH3)3], 1.11 (s, 9H; C ACHTUNGTRENNUNG(CH3)3)


#,
1.14–1.25 (m, 2H), 1.32–2.22 (m, 11H), 2.38–2.70 (m, 5H), 3.33 (t, 3J=


7.0 Hz, 1H; 17-H), 3.42–3.57 (m, 5H), 3.90–4.05 ppm (m, 4H;
OCH2CH2O); 13C NMR (75.5 MHz, CDCl3, add. APT): d=11.53 (+ ,
CH3), 15.69 (+ , CH3)


#, 21.41 (+ , CH, Cp), 22.07 (+ , CH, Cp)#, 22.23 (+ ,
CH, Cp), 22.44 (+ , CH, Cp)#, 22.74 (�, CH2), 23.33 (+ , CH)#, 23.68 (�,
CH2), 24.52 (�, CH2)


#, 25.03 (+ , CH), 25.32 (�, CH2)
#, 25.70 (�, CH2),


27.07 (�, CH2), 27.32 (+ , CH), 27.41 (+ , CH)#, 28.70 (+ , 3C, C ACHTUNGTRENNUNG(CH3)3),
28.83 (+ , 3C, C ACHTUNGTRENNUNG(CH3)3)


#, 30.18 (+ , CH3), 30.30 (+ , CH3)
#, 30.84 (�,


CH2), 31.13 (�, CH2), 31.80 (�, CH2), 32.03 (+ , CH), 34.26 (�, CH2),
35.67 (�, CH2), 36.79 (�, CH2), 38.99 (�, CH2), 41.92 (�, CH2), 42.37
(+ , CH)#, 42.60 (�, Cquat), 43.44 (�,Cquat)


#, 45.29 (�, Cquat), 52.05 (+ ,
CH), 64.07 (�, OCH2CH2O)#, 64.30 (�, 2C, OCH2CH2O), 64.42 (�,
OCH2CH2O)#, 71.17 (�, Cquat, CACHTUNGTRENNUNG(CH3)3)


#, 72.25 (�, Cquat, C ACHTUNGTRENNUNG(CH3)3), 75.34
(�, CH2)


#, 75.65 (�, CH2), 75.77 (�, CH2)
#, 76.43 (�, CH2), 80.32 (+ ,


CH), 81.43 (+ , CH)#, 89.03 (�, Cquat), 89.94 (�, Cquat)
#, 108.92 (�, Cquat),


109.07 (�, Cquat), 126.24 (�, Cquat), 127.87 (�, Cquat), 127.97 (�, Cquat),


129.79 ppm (�, Cquat); ESI-MS (NH3): m/z (%): 990 (31), 487 (100) [M+


+H]; HRMS: m/z : calcd for C30H46O5+H+ (487.6): 487.34180 (correct
HRMS).


Dimethyl (13S,14S,17S)-17-tert-Butoxy-13-methyl-spiro(1’,3’-dioxolane-
ACHTUNGTRENNUNG[2’,3]-2,3,4,5,6,7,8,11,23,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]-
phenanthrene-6,7-dicarboxylate) (trans-29): Following GP 4, a solution
of the tricyclic diene trans-19 (100 mg, 0.289 mmol) and dimethyl maleate
(62.6 mg, 0.434 mmol) in benzene (1.5 mL) was stirred at 130 8C for 12 h.
Column chromatography (25 g of silica gel, pentane/diethyl ether 1:1)
provided a mixture of two diastereoisomers of trans-29 as a colorless wax
(63.8 mg, 45%). IR (film): ñ =2975, 1735, 1684, 1653, 1472, 1457, 1436,
1388, 1362, 1262, 1197, 1124, 1081, 1033 cm�1; 1H NMR (250 MHz,
CDCl3, distinguishable signals of the individual diastereomers are
marked by #): d=0.73 (s, 3H; CH3), 0.73 (s, 3H; CH3), 0.86 (s, 3H;
CH3)


#, 0.90 (s, 3H; CH3)
#, 1.07 (s, 9H; C ACHTUNGTRENNUNG(CH3)3)


#, 1.09 (s, 9H; C ACHTUNGTRENNUNG(CH3)3),
1.13–2.16 (m, 3H), 2.35–2.81 (m, 9H), 2.92–3.04 (m, 6H), 3.23–3.39 (m,
1H), 3.60 (s, 3H; OCH3), 3.61 (s, 3H; OCH3)


#, 3.63 (s, 3H; OCH3), 3.67
(s, 3H; OCH3)


#, 3.68 (s, 3H; OCH3)
#, 3.88–4.03 ppm (m, 4H;


OCH2CH2O); 13C NMR (75.5 MHz, CDCl3, add. APT): d =10.14 (s,
CH3)


#, 11.99 (s, CH3), 22.45 (�, CH2)
#, 23.60 (�, CH2), 24.10 (�, CH2)


#,
25.60 (�, CH2)


#, 25.83 (�, CH2), 26.10 (�, CH2)
#, 26.48 (�, CH2)


#, 28.71
(+ , 3C, C ACHTUNGTRENNUNG(CH3)3), 30.94 (�, CH2)


#, 31.11 (�, CH2), 31.37 (�, CH2), 34.80
(+ , CH), 35.07 (+ , CH)#, 35.42 (�, CH2)


#, 35.75 (�, CH2)
#, 36.07 (�,


CH2), 36.95 (+ , CH)#, 38.60 (+ , CH), 39.06 (�, CH2), 39.41 (+ , CH),
39.73 (�, CH2), 39.83 (+ , CH), 41.11 (+ , CH)#, 41.76 (�, CH2)


#, 42.56
(�, CH2), 43.03 (+ , CH)#, 43.79 (�, Cquat), 44.37 (+ , CH), 44.76 (+ ,
CH), 44.99 (+ , CH)#, 45.26 (+ , CH)#, 49.22 (+ , CH)#, 51.45 (+ , OCH3),
51.68 (+ , OCH3), 51.82 (+ , 2C, OCH3)


#, 64.14 (�, 2C, OCH2CH2O)#,
64.29 (�, OCH2CH2O), 64.35 (�, OCH2CH2O), 72.30 (�, Cquat, C ACHTUNGTRENNUNG(CH3)3),
79.54 (+ , CH, C-17)#, 80.19 (+ , CH, C-17), 108.10 (�, Cquat, C-3)


#, 108.50
(�, Cquat, C-3), 125.93 (�, Cquat)


#, 126.23 (�, Cquat)
#, 126.99 (�, 2C, Cquat),


131.97 (�, Cquat), 135.29 (�, Cquat), 173.54 (�, C=O)#, 173.81 (�, C=O),
174.26 (�, C=O)#, 175.98 ppm (�, C=O); ESI-MS (NH3): m/z (%): 1020
(67), 998 (77), 529 (38), 513 (19), 508 (92) [M+NH4


+], 491 (100) [M+H+


], 431 (30), 375 (18); HRMS: m/z : calcd for C28H42O7+H+ (491.6):
491.30033 (correct HRMS).


(3aR,3bS,9aS,10S,12aS,12bR,12cS)-10-tert-Butoxy-2,9a-dimethyl-
3b,6,7,8,9,9a,10,11,12,12a,12b,12c-dodecahydro-3aH,4H-2-aza-
dicyclopenta ACHTUNGTRENNUNG[a,l]phenanthrene-1,3,5-trione (trans-30): p-Toluenesulfonic
acid (93.0 mg, 0.489 mmol) was added to a solution of the steroid ana-
logue trans-23 (700 mg, 1.53 mmol) in acetone (30 mL) and water
(0.100 mL). The resulting solution was stirred at 23 8C for 24 h. The reac-
tion mixture was concentrated in vacuo, and the residue was taken up in
diethyl ether (75 mL). After washing with sat. NaHCO3 solution (20 mL),
the organic layer was dried over MgSO4. After removal of the volatile
components in vacuo, the residue was purified by column chromatogra-
phy on silica gel (30 g, pentane/diethyl ether 1:2) to yield the product
trans-30 as a colorless wax (626 mg, 99%). Rf=0.4; IR (film): ñ =2967,
2930, 2871, 1768, 1695, 1653, 1457, 1436, 1385, 1362, 1336, 1288, 1268,
1226, 1198, 1131, 1095, 1081, 1064, 980, 963, 900, 839 cm�1; 1H NMR
(250 MHz, CDCl3): d=0.69 (s, 3H; CH3), 1.16 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.21–
1.73 (m, 8H), 1.93–2.13 (m, 1H), 2.19–2.52 (m, 5H), 2.56–2.73 (m, 2H),
2.96–3.09 (m, 2H), 2.90 (s, 3H; NCH3), 3.49 (mC, 1H), 3.58 ppm (t, 3J=


8.7 Hz, 1H; 10-H); 13C NMR (75.5 MHz, C6D6, add. APT): d =11.56 (+ ,
CH3), 22.88 (�, CH2), 23.18 (�, CH2), 24.28 (+ , CH), 25.25 (�, CH2),
28.53 (+ , 3C; C ACHTUNGTRENNUNG(CH3)3), 31.76 (�, CH2), 34.03 (�, CH2), 34.32 (+ , CH),
38.15 (�, CH2), 40.69 (+ , CH), 40.77 (+ , CH), 41.42 (�, CH2), 42.02 (+ ,
CH), 42.82 (Cquat, C-9a), 43.75 (+ , CH), 72.21 (Cquat, C ACHTUNGTRENNUNG(CH3)3), 80.78 (+ ,
CH, C-10), 130.60 (�, Cquat), 131.01 (�, Cquat), 177.08 (�, Cquat, NC=O),
177.45 (�, Cquat, NC=O), 209.33 ppm (�, Cquat, C=O); MS (70 eV), m/z
(%): 413 (5) [M+], 371 (6), 357 (100) [M+�C4H8], 356 (21) [M+�C4H9],
339 (82), 312 (20), 300 (17), 295 (11), 246 (28), 227 (20), 201 (6), 166 (12),
122 (4), 113 (13), 61 (8), 57 (38) [C4H9


+], 43 (29); HRMS: m/z : calcd for
C25H35NO4+H+ (414.6): 414.26393 (correct HRMS).


(3aR,3bS,9aS,10S,12aS,12bR,12cS)-10-Hydroxy-2,9a-dimethyl-
3b,6,7,8,9,9a,10,11,12,12a,12b,12c-dodecahydro-3aH,4H-2-aza-
dicyclopenta ACHTUNGTRENNUNG[a,l]phenanthrene-1,3,5-trione (trans-31): Trifluoroacetic
acid (3.00 mL) was added to a solution of the oxosteroid analogue trans-
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30 (237 mg, 0.573 mmol) in methylene chloride (27.0 mL), and the mix-
ture was stirred at 23 8C for 2.0 h. After this time, the reaction mixture
was concentrated in vacuo, and the residue was taken up in diethyl ether
(30 mL), washed with sat. NaHCO3 solution (10 mL), and dried over
MgSO4. After concentration in vacuo, the residue was purified by
column chromatography (25 g of silica gel, diethyl ether+3% methanol)
to yield the product trans-31 as a colorless solid. M.p. 169–173 8C
(186 mg, 91%). Rf=0.3; [a]20D =�16.1 (c=0.981 in MeOAc); IR (film):
ñ=3370, 2955, 2876, 1768, 1684, 1653, 1559, 1437, 1382, 1371, 1286, 1265,
1138, 1046, 1034, 983, 911, 881, 844 cm�1; 1H NMR (300 MHz, CDCl3):
d=0.67 (s, 3H; CH3), 1.18–1.78 (m, 6H), 2.01–2.27 (m, 4H), 2.28–2.51
(m, 3H), 2.54–2.70 (m, 4H), 2.85 (s, 3H; NCH3), 2.90–3.05 (m, 2H), 3.46
(dd, 3J=20, 3J=12 Hz, 1H), 3.82 ppm (t, 3J=8.0 Hz, 1H; 10-H);
13C NMR (75.6 MHz, CDCl3 add. H,H-COSY, APT, HSQC, HMBC,
NOESY): d=11.39 (+ , CH3), 22.86 (�, CH2), 23.44 (�, CH2), 24.28 (�,
CH2), 24.69 (+ , CH3, NCH3), 30.64 (�, CH2), 33.12 (�, CH2), 34.36 (+ ,
CH), 38.11 (�, CH2), 40.63 (+ , CH), 40.66 (�, CH2), 41.19 (�, Cquat, C-
9a), 41.91 (+ , CH), 42.71 (+ , CH), 43.69 (+ , CH), 81.50 (+ , CH, C-10),
130.00 (�, Cquat), 131.27 (�, Cquat), 177.33 (�, Cquat), 177.83 (�, Cquat),
211.88 ppm (�, Cquat, C=O); MS (70 eV): m/z (%): 357 (100) [M+], 354
(46), 337 (10), 298 (14), 283 (10), 246 (100), 221 (82), 185 (11), 167 (15),
143 (14), 129 (20), 113 (62), 79 (18), 55 (30); HRMS: m/z : calcd for
C21H27NO4+H+ (358.4): 358.20123 (correct HRMS).


(5R,6S,7S,8S,13S,14S,17S)-17-tert-Butoxy-13-methyl-3-oxo-
2,3,4,5,6,7,8,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenan-
threne-6,7-dicarbonitrile (trans-32): p-Toluenesulfonic acid (80.0 mg,
0.402 mmol) was added to a solution of the steroid analogue trans-22
(330 mg, 777 mmol) in acetone (15.0 mL) and water (0.050 mL). The re-
sulting solution was stirred at 23 8C for 24 h. After this time, the reaction
mixture was concentrated in vacuo, and the residue was taken up in di-
ethyl ether (55 mL). After washing the solution with sat. NaHCO3 solu-
tion (15 mL), the organic layer was dried over MgSO4. After removal of
the volatile components in vacuo, the residue was purified by column
chromatography (30 g of silica gel, pentane/diethyl ether 1:2) to yield the
product trans-32 as a colorless wax (252 mg, 85%). Rf=0.3; IR (film):
ñ=2974, 2931, 2874, 2267, 1715, 1637, 1508, 1461, 1444, 1389, 1363, 1337,
1294, 1253, 1196, 1137, 1099, 1082, 1058, 1016, 969, 942, 832 cm�1;
1H NMR (250 MHz, CDCl3): d=0.87 (s, 3H; CH3), 1.15 (s, 9H; C-
ACHTUNGTRENNUNG(CH3)3), 1.18–1.26 (m, 1H), 1.31–1.64 (m, 3H), 1.73 (mc, 1H), 1.80–1.89
(m, 1H), 1.92–2.05 (m, 1H), 2.18 (mc, 2H), 2.32–2.43 (m, 1H), 2.49–2.63
(m, 3H), 2.71–2.89 (m, 2H), 2.96–3.06 (m, 2H), 3.11–3.19 (m, 2H),
3.44 ppm (t, 3J=7.5 Hz, 1H, 17-H); 13C NMR (75.6 MHz, CDCl3, add.
APT): d=10.70 (+ , CH3), 23.63 (�, CH2), 24.34 (�, CH2), 27.33 (�,
CH2), 28.63 (+ , 3C; C ACHTUNGTRENNUNG(CH3)3), 29.18 (+ , CH), 30.83 (�, CH2), 31.32 (+ ,
CH), 35.75 (�, CH2), 36.19 (+ , CH), 38.31 (+ , CH), 40.58 (Cquat, C-13),
42.46 (�, CH2), 46.85 (+ , CH), 47.48 (�, CH2), 72.58 (�, Cquat, C ACHTUNGTRENNUNG(CH3)3],
79.88 (�, Cquat, CO2C ACHTUNGTRENNUNG(CH3)3), 118.11 (�, Cquat, CHCN), 118.65 (�, Cquat,
CHCN), 125.59 (�, Cquat), 130.33 (�, Cquat), 207.20 ppm (�, Cquat, C=O);
MS (70 eV): m/z (%): 380 (3) [M+], 352 (2), 324 (36) [M+�C4H8], 306
(47), 279 (18), 265 (9), 226 (5), 180 (2), 129 (2), 91 (5), 57 (100) [C4H9


+],
41 (14); HRMS: m/z : calcd for C24H32O2N2+NH4


+ (398.5): 398.28020
(correct HRMS).


(6S,7S,5R,8S,13S,14S,17S)-17-Hydroxy-13-methyl-3-oxo-
2,3,4,5,6,7,8,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenan-
threne-6,7-dicarbonitrile (trans-33): Trifluoroacetic acid (1.00 mL) was
added to a solution of the oxosteroid analogue trans-32 (150 mg,
0.395 mmol) in methylene chloride (10.0 mL), and the mixture was
stirred at 23 8C for 2 h. After this time, the reaction mixture was concen-
trated in vacuo, and the residue was taken up in diethyl ether (35 mL),
washed with sat. NaHCO3 solution (10 mL), and dried over MgSO4.
After concentration in vacuo, the residue was purified by column chro-
matography (25 g of silica gel, diethyl ether+1% methanol) to yield the
product trans-33 as a colorless solid. M.p. 188–190 8C (120 mg, 94%);
Rf=0.3; [a]20D =�4.80 (c=1.02 in MeOAc); IR (film): ñ=3410, 2955,
2878, 2253, 1734, 1669, 1635, 1472, 1457, 1437, 1371, 1339, 1254, 1133,
1072, 1047, 981, 942, 915, 845, 736 cm�1; 1H NMR (300 MHz, CDCl3): d=


0.89 (s, 3H; CH3), 1.22 (mc, 1H), 1.35–1.71 (m, 3H), 1.77 (mc, 1H), 1.90
(mc, 1H), 2.08–2.27 (m, 3H), 2.30–2.46 (m, 1H), 2.49–2.60 (m, 3H), 2.72–
2.93 (m, 3H), 2.97–3.08 (m, 2H), 3.11–3.20 (m, 2H), 3.76 ppm (t, 3J=


7.2 Hz, 1H; 17-H); 13C NMR (75.6 MHz, CDCl3, add. APT): d =10.20
(+ , CH3), 23.22 (�, CH2), 24.27 (�, CH2), 27.32 (�, CH2), 29.15 (�,
CH2), 30.25 (�, CH2), 31.30 (+ , CH), 35.35 (�, CH2), 36.20 (+ , CH),
38.27 (+ , CH), 40.50 (�, CH2), 42.94 (�, CH2), 46.90 (+ , CH), 47.42 (�,
Cquat, C-13), 80.85 (+ , CH, C-17), 117.94 (�, Cquat), 118.60 (�, Cquat),
126.00 (�, Cquat), 129.78 (�, Cquat), 207.15 ppm (�, Cquat, C=O); MS
(70 eV): m/z (%): 324 (100) [M+], 291 (11), 265 (15), 252 (9), 226 (11),
195 (8), 129 (9), 111 (10), 84 (18), 55 (12), 41 (17); HRMS: m/z : calcd for
C20H24N2O2+H+ (325.4): 325.19113 (correct HRMS).


(3aR,3bS,9aS,10S,12aS,12bR,12cS)-10-tert-Butoxy-5-methoxy-2,9a-di-
methyl-3b,6,7,8,9,9a,10,11,12,12a,12b,12c-dodecahydro-3aH,4H-2-
azacyclopropa ACHTUNGTRENNUNG[5,6]dicyclopenta ACHTUNGTRENNUNG[a,l]phenanthrene-1,3-dione (34): A solu-
tion of diethylzinc (2.24 mL, 2.24 mmol, 1.00m in hexane) in CH2Cl2
(10 mL) was carefully treated with trifluoroacetic acid (255 mg,
2.24 mmol) at 0 8C. The resulting mixture was stirred for 20 min. After
dropwise addition of diiodomethane (600 mg, 2.24 mmol), the reaction
mixture was stirred until a homogeneous solution had formed. The oxos-
teroid analogue trans-30 (92.9 mg, 0.224 mmol) was added as a solution
in diethyl ether (2.0 mL), and the resulting solution was stirred at 0 8C
for 1 h, and at 22 8C for 12 h. After his time, the reaction mixture was
poured into sat. NH4Cl solution and extracted with diethyl ether
(35 mL). The organic layer was washed with water (20 mL) and dried
over MgSO4. After concentration in vacuo, the residue was purified by
column chromatography on silica gel (15 g, pentane/diethyl ether 1:2) to
yield the title compound 34 as a colorless wax (73.1 mg, 74%). Rf=0.6;
[a]20D =�4.7 (c=0.68 in MeOAc); IR (film): ñ =2973, 2931, 1700, 1653,
1635, 1457, 1437, 1419, 1387, 1363, 1288, 1255, 1195, 1080, 1034, 901 cm�1;
1H NMR (250 MHz, CDCl3): d =0.52 (t, 3J=5.8 Hz 1H; c-Pr-H), 0.60 (s,
3H; CH3), 0.80 (dd, 3J=11.0, 3J=5.9 Hz, 1H; cPr-H), 1.11 (s, 9H; C-
ACHTUNGTRENNUNG(CH3)3), 1.18–1.37 (m, 3H), 1.42–1.79 (m, 4H), 1.90–2.21 (m, 8H), 2.53
(mc, 1H), 2.84 (s, 3H; NCH3), 2.93 (dd, 3J=8.9, 3J=5.7 Hz, 1H), 3.11
(dd, 3J=9.0, 3J=6.3 Hz, 1H), 3.34 (s, 3H; OCH3), 3.53 ppm (t, 3J=


7.1 Hz, 1H; 10-H); 13C NMR (75.6 MHz, CDCl3 add. APT, HSQC): d=


10.76 (+ , CH3), 12.21 (�, CH2, cPr), 21.68 (+ , CH, cPr), 22.71 (�, CH2),
23.03 (�, CH2), 23.22 (�, CH2), 24.56 (+ , NCH3), 25.02 (�, CH2), 28.71
(+ , 3C, C ACHTUNGTRENNUNG(CH3)3), 31.18 (�, CH2), 33.60 (�, CH2), 36.94 (+ , CH), 40.61
(+ , CH), 40.68 (+ , CH), 42.04 (+ , CH), 42.18 (�, Cquat, C-9a), 45.91 (+ ,
CH), 53.78 (+ , OCH3), 61.93 (�, Cquat, C-5), 72.31 (Cquat, CACHTUNGTRENNUNG(CH3)3), 80.30
(+ , CH, C-10), 127.79 (�, Cquat), 131.82 (�, Cquat), 177.54 (�, Cquat, C=O),
178.19 ppm (�, Cquat, C=O); MS (70 eV): m/z (%): 441 (75) [M+], 426
(5) [M+�CH3], 409 (14) [M+�CH3OH], 384 (12) [M+�C4H9], 353 (15),
337 (20), 330 (100), 320 (26), 308 (9), 273 (82), 255 (9), 223 (4), 192 (8),
162 (13), 123 (8), 112 (18), 91 (9), 57 (74) [C4H9


+], 41 (21); HRMS: m/z :
calcd for C27H39NO4+H+ (442.6): 442.29560 (correct HRMS).


(3aR,3bS,9aS,10S,12aS,12bR,12cS)-10-Hydroxy-2,9a-dimethyl-
3b,6,7,8,9,9a,10,11,12,12a,12b12c-dodecahydro-3aH,4H-2-azacyclopropa-
ACHTUNGTRENNUNG[5,6]dicyclopenta ACHTUNGTRENNUNG[a,l]phenanthrene-1,3,5-trione (35) and (3aR,3b-
S,9aS,10S,12aS,12bR,12cS)-10-Hydroxy-2,6,9a-trimethyl-
3b,6,7,8,9,9a,10,11,12,12a,12b,12c-dodecahydro-3aH,4H-2-
azadicyclopenta ACHTUNGTRENNUNG[a,l]phenanthrene-1,3,5-trione (36): Trifluoroacetic acid
(0.500 mL) was added to a solution of the cyclopropasteroid analogue 34
(40.2 mg, 0.0910 mmol) in methylene chloride (5.00 mL), and the mixture
was stirred at 23 8C for 2 h. After this time, the reaction mixture was con-
centrated in vacuo, and the residue was taken up in diethyl ether
(30 mL), washed with sat. NaHCO3 solution (10 mL), and dried over
MgSO4. After concentration in vacuo, the residue was purified by
column chromatography (20 g of silica gel, diethyl ether) to yield the
products 35 (14.1 mg, 40%) and 36 (4.2 mg, 12%) as colorless waxes.


Compound 35 : Rf=0.5; IR (film): ñ=3403, 2924, 2865, 1695, 1653, 1636,
1465, 1436, 1383, 1336, 1287, 1266, 1213, 1169, 1131, 1081, 1054, 1033,
973, 917, 734 cm�1; 1H NMR (250 MHz, CDCl3): d=0.54 (t, 3J=6.6 Hz,
1H; cPr-H), 0.63 (s, 3H; CH3), 0.82 (dd, 3J=10.9, 3J=6.0 Hz, 1H; cPrH),
1.16–1.40 (m, 3H), 1.42–1.76 (m, 4H), 1.97–2.29 (m, 8H), 2.37–2.44 (m,
1H), 2.53 (mc, 1H), 2.87 (s, 3H; NCH3), 2.95 (dd, 3J=9.1, 3J=6.0 Hz,
1H), 3.11 (dd, 3J=9.0, 3J=6.1 Hz, 1H), 3.38 (s, 3H; OCH3), 3.80 ppm (t,
3J=7.8 Hz, 1H; 10-H); 13C NMR (75.6 MHz, CDCl3, add. APT): d=


10.49 (+ , CH3), 12.23 (�, CH2, cPr), 21.66 (+ , CH, cPr), 22.72 (�, CH2),
23.03 (�, CH2), 23.05 (�, CH2), 24.51 (�, CH2), 24.61 (+ , CH3, NCH3),
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30.67 (�, CH2), 33.23 (�, CH2), 37.01 (+ , CH), 40.48 (+ , CH), 40.75 (+ ,
CH), 42.01 (+ , CH), 42.62 (�, Cquat, C-13), 45.87 (+ , CH), 53.83 (+ ,
OCH3), 61.92 (�, Cquat, C-6), 81.44 (+ , CH, C-10), 128.14 (�, Cquat),
131.46 (�, Cquat), 177.46 (�, Cquat, C=O), 178.03 ppm (�, Cquat, C=O); MS
(70 eV): m/z (%): 385 (48) [M+], 353 (21) [M+�CH3OH], 294 (1), 283
(2), 274 (100), 259 (10), 215 (3), 162 (4), 129 (4), 112 (6), 77 (2), 43 (2);
HRMS: m/z : calcd for C23H31NO4+H+ (386.5): 386.23258 (correct
HRMS).


Compound 36 : Rf=0.6; IR (film): ñ=3432, 2967, 2874, 1684, 1653, 1457,
1436, 1419, 1384, 1339, 1287, 1265, 1215, 1163, 1133, 1088, 1058, 1038,
912, 732 cm�1; 1H NMR (300 MHz, CDCl3): d=0.64 (s, 3H; CH3), 1.23
(d, 3J=6.0 Hz, 3H; CH3), 1.28–1.77 (m, 4H), 1.62 (mc, 2H), 2.01–2.21 (m,
5H), 2.22–2.80 (m, 4H), 2.69 (mc, 1H), 2.86 (s, 3H; NCH3), 3.00 (dd, 3J=


9.1, 3J=6.0 Hz, 1H), 3.20 (dd, 3J=9.3, 3J=5.4 Hz, 1H), 3.58 (q, 3J=


5.9 Hz, 1H; 6-H), 3.82 ppm (t, 3J=7.2 Hz, 1H; 10-H); 13C NMR
(75.6 MHz, CDCl3, add. APT): d =11.52 (+ , CH3), 11.67 (+ , CH3), 22.62
(�, CH2), 23.33 (�, CH2), 24.23 (�, CH2), 24.67 (+ , NCH3), 30.72 (�,
CH2), 33.09 (�, CH2), 37.84 (�, CH2), 40.39 (+ , CH), 40.64 (+ , CH),
41.25 (+ , CH), 41.82 (+ , CH), 41.95 (+ , CH), 42.72 (�, Cquat, C-13),
42.80 (+ , CH), 81.61 (+ , CH, C-10), 130.45 (�, Cquat), 131.02 (�, Cquat),
177.38 (�, Cquat, NC=O), 177.58 (�, Cquat, NC=O), 213.50 ppm (�, Cquat,
C=O); DCI-MS (NH3): m/z (%): 389 (100) [M++NH4], 372 (3) [M+


+H], 266 (2); HRMS: m/z : calcd for C22H29NO4+H+ (371.5): 372.21696
(correct HRMS).


Dimethyl (13R,14S,17S)-17-tert-Butoxy-13-methyl-spiro(1’,3’-dioxolane-
ACHTUNGTRENNUNG[2’,3]-2,3,4,5,8,11,12,13,14,15,16,17-dodecahydro-1H-cyclopenta[a]phe-
nanthrene-6,7-dicarboxylate) (38) and dimethyl (14S,17S)-17-tert-butoxy-
13-methyl-spiro(1’,3’-dioxolane ACHTUNGTRENNUNG[2’,3]-2,3,4,5,8,11,12,13,16,17-dodecahydro-
1H-cyclopenta[a]phenanthrene-6,7-dicarboxylate) (39): A solution of the
aromatic steroid analogue trans-24 (50.0 mg, 0.102 mmol) and DDQ
(24.3 mg, 0.107 mmol) in dioxane (1.50 mL) was stirred at 100 8C for 1 h.
After his time, the reaction mixture was concentrated in vacuo, and the
residue was purified by column chromatography (20 g of silica gel, pen-
tane/diethyl ether 1:1) to yield the products 38 (34.2 mg, 69%) and 39
(2.5 mg, 5%) as colorless waxes:


Compound 38 : Rf=0.4; IR (film): ñ=3064, 2970, 2928, 1702, 1650, 1472,
1445, 1410, 1373, 1302, 1244, 1180, 1106, 1066, 944, 915, 854 cm�1;
1H NMR (300 MHz, CDCl3): d=0.60 (s, 3H; CH3), 1.16 (s, 9H; C-
ACHTUNGTRENNUNG(CH3)3), 1.22–1.71 (m, 3H), 1.88–2.05 (m, 4H), 2.59–2.88 (m, 7H), 3.21
(d, 3J=15.9 Hz, 1H), 3.55 (t, 3J=6.9 Hz, 1H; 17-H), 3.78 (s, 3H; OCH3),
3.83 (s, 3H; OCH3), 3.98 ppm (mC, 4H; OCH2CH2O); 13C NMR
(75.6 MHz, CDCl3, add. APT): d=11.35 (+ , CH3), 23.62 (�, CH2), 25.56
(�, CH2), 26.16 (�, CH2), 28.69 (+ , 3C; CACHTUNGTRENNUNG(CH3)3), 31.22 (�, CH2), 31.42
(�, CH2), 33.36 (�, CH2), 37.27 (�, CH2), 42.33 (+ , CH), 45.44 (�, Cquat,
C-13), 52.45 (+ , 2C, OCH3), 64.52 (�, 2C, OCH2CH2O), 72.52 (Cquat, C-
ACHTUNGTRENNUNG(CH3)3), 79.33 (+ , CH, C-17), 107.38 (�, Cquat, C-3), 129.20 (�, Cquat),
129.78 (�, Cquat), 129.98 (�, Cquat), 135.04 (�, Cquat), 135.83 (�, Cquat),
138.74 (�, Cquat), 168.95 (�, Cquat, C=O), 170.50 ppm (�, Cquat, C=O);
ESI-MS (NH3): m/z (%): 990 (49), 504 (100) [M++NH4], 455 (75), 397
(11); HRMS: m/z : calcd for C28H38O7+NH4


+ (504.6): 504.29604 (correct
HRMS).


Compound 39 : Rf=0.4; IR (film): ñ=3073, 2972, 2931, 1734, 1653, 1635,
1472, 1437, 1419, 1388, 1362, 1302, 1252, 1198, 1172, 1109, 1078, 1062,
1035, 947, 908, 856 cm�1; 1H NMR (300 MHz, CDCl3): d=0.93 (s, 3H;
CH3), 1.18 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.60–1.81 (m, 2H), 1.86 (t, 3J=6.3 Hz, 2H),
2.30–2.40 (m, 1H), 2.43–2.97 (m, 6H), 3.21 (d, 3J=17.4 Hz, 1H), 3.76 (s,
3H; OCH3), 3.82 (s, 3H; OCH3), 3.84 (t, 3J=6.6 Hz, 1H; 17-H), 3.99 (mc,
4H; OCH2CH2O), 5.58 ppm (mc, 1H; 15-H); 13C NMR (75.6 MHz,
CDCl3, add. APT): d=16.82 (+ , CH3), 24.65 (�, CH2), 26.14 (�, CH2),
28.71 (+ , 3C, C ACHTUNGTRENNUNG(CH3)3), 30.94 (�, CH2), 34.60 (�, CH2), 37.23 (+ , CH),
39.51 (�, Cquat, C-13), 46.39 (�, CH2), 52.29 (+ , OCH3), 52.37 (+ ,
OCH3), 64.37 (�, OCH2CH2O), 64.39 (�, OCH2CH2O), 72.69 (�, Cquat,
C ACHTUNGTRENNUNG(CH3)3), 79.97 (+ , CH, C-17), 107.31 (�, Cquat, C-3), 122.50 (+ , CH, C-
15), 128.53 (�, Cquat), 129.07 (�, Cquat), 129.58 (�, Cquat), 131.42 (�, Cquat),
135.42 (�, Cquat), 138.33 (�, Cquat), 142.59 (�, Cquat), 168.40 (�, Cquat, C=


O), 170.31 ppm (�, Cquat, C=O); DCI-MS (NH3): m/z (%): 502 (100)
[M+NH4


+], 446 (3), 428 (1), 296 (1); HRMS: m/z : calcd for
C28H36O7+NH4


+ (502.6): 502.28030 (correct HRMS).
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Introduction


Diseases, such as kidney disorders and cancer, often result
in a significant reduction in the extracelluar pH of these tis-
sues.[1–3] Thus, imaging tissue pH could be quite useful in
clinical diagnose of these and other conditions. Current
methods for assessing tissue pH involve relatively invasive
procedures and typically can assess pH only from a limited
number of locations.[2–4] Less invasive techniques such as
31P NMR NMR spectroscopy[4] can provide a direct measure
of pH but the concentrations of the endogenous phosphorus
metabolites that respond to tissue pH are relatively low so
pH measurements can only be taken from relatively large
volumes of tissue. pH sensitive fluorescence dyes are quite
sensitive but applications of optical techniques in human
imaging is limited to tissues near the surface of skin where
sufficient light penetration can be achieved.[4] A pH respon-
sive T1-shortening contrast agent could offer a minimally in-
vasive and highly practical approach to mapping of tissue
pH so it is hardly surprising that a large number of pH sen-
sitive MRI contrast agents have been reported.[5–13]


Typically, Gd3+-based complexes used to relax bulk water
have relatively low T1 relaxivities. Relaxivity is defined as
the increase in water proton relaxation rate per unit concen-
tration of contrast agent and is a measure of the effective-


Abstract: The design of effective pH
responsive MRI contrast agents is a
key goal in the development of new di-
agnostic methods for conditions such
as kidney disease and cancer. A key
factor determining the effectiveness of
an agent is the difference between the
relaxivity of the “on” state compared
to that of the “off” state. In this paper,
we demonstrate that it is possible to
improve the pH-responsive action of a
low molecular weight agent by conju-
gating it to a macromolecular con-


struct. The synthesis of a bifunctional
pH responsive agent is reported. As
part of that synthetic pathway we ex-
amine the Ing–Manske reaction, identi-
fying an undesirable by-product and es-
tablishing effective conditions for pro-
moting a clean and effective reaction.
Reaction of the bifunctional pH re-


sponsive agent with a G5-PAMAM
dendrimer yielded a product with an
average of 96 chelates per dendrimer.
The relaxivity of the dendrimer conju-
gate rises from 10.8 mm


�1 s�1 (pH 9) to
24.0 mm


�1 s�1 (pH 6) per Gd3+ ion. This
more than doubles the relaxivity pH
response, Dr1, of our agent from just
51% for the original low molecular
weight chelate to 122% for the dendri-
mer.


Keywords: dendrimers · imaging
agents · lanthanide complexes ·
MRI contrast agents


[a] Dr. M. M. Ali, Dr. M. Woods, A. C. L. Opina, Prof. A. D. Sherry
Department of Chemistry, University of Texas at Dallas
P.O. Box 830660, Richardson, Texas 75083 (USA)
E-mail : dean.sherry@utsouthwestern.edu


sherry@utdallas.edu


[b] Dr. M. Woods
Macrocyclics, 2110 Research Row, Suite 425
Dallas, Texas 75235 (USA)


[c] Prof. P. Caravan
A.A. Martinos Center for Biomedical Imaging
Department of Radiology
Massachusetts General Hospital and Harvard Medical School
Charlestown, MA 02129 (USA)


[d] M. Spiller
Department of Radiology, New York Medical College
Valhalla, New York 10595 (USA)


[e] Dr. J. C. Fettinger
Department of Chemistry, University of California at Davis
One Shields Avenue, Davis, CA 95616-5298 (USA)


[f] Prof. A. D. Sherry
Advanced Imaging Research Center
University of Texas Southwestern Medical Center
5323 Harry Hines Boulevard, Dallas, Texas 75390 (USA)
Fax: (+1)214-645-2744


Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200800402.


H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 7250 – 72587250







ness of a contrast agent. At typical magnetic fields used for
clinical imaging, the relaxivity of a Gd3+ complex is primari-
ly determined by three factors: q, the number of water mol-
ecules in the inner coordination sphere of Gd3+ ; tM, the resi-
dence lifetime of these water molecule on Gd3+ ; and tR, the
rotational correlation time, or how fast the complex tumbles
in solution.[14–18] Examples of contrast agents that respond to
pH through changes in each of these parameters have been
reported,[5] but the only agent actually used to image tissue
pH to date is Gd1 (see below).[12,13] Although Gd1 exhibits a


relatively small a change in relaxivity over a physiologically
relevant pH range, it has been used successfully in vivo to
generate pH maps of kidneys and tumors in small ani-
mals.[19–21] The mechanism by which Gd1 operates as a pH
responsive agent is unique among responsive Gd3+ agents
and stems from the presence of the phosphonate groups of
the pendant arms.[12] The sole inner-sphere water molecule
of Gd1 is in slow exchange with the bulk solvent which, or-
dinarily, would limit relaxivity. However, the phosphonate
groups of Gd1 are able to catalyse the exchange of the pro-
tons of this single Gd3+-bound water molecule with bulk sol-
vent protons. The effectiveness of the phosphonates at cata-
lysing proton exchange is dependent upon their protonation
state so as the four phosphonates become successively pro-
tonated at the pH falls below �8.5, the rate of proton ex-
change increases and the paramagnetic relaxation effects of
Gd3+ are transferred to the bulk solvent protons. In addition
the phosphonates can organise a number of other water
molecules into a second hydration sphere through hydro-
gen-bonding interactions.[22,23] The extent, and proton resi-
dence lifetime, of this second hydration sphere is also likely
to fluctuate with the protonation state of the phosphonate


groups. The increase in relaxivity of Gd1 on passing from
pH 9 to 6 was found to be the result of a combination of
these two effects.[12]


Despite the demonstrated utility of Gd1, the maximum in-
crease in relaxivity with changing pH, Dr1, is relatively
modest, rising from 3.5 mm


�1 s�1 at pH 9.5 to 5.3 mm
�1 s�1 at


pH 6.3; a Dr1 of just 51%.[12] The relaxivity arising from an
exchanging inner-sphere water molecule, r1


i.s. , is given by
Equation (1), where tM is the lifetime of the inner-sphere
bound water molecule and T1M is the T1 of the inner-sphere
water protons. The relaxivity arising from water molecules
in the second hydration sphere follows a similar relationship.
From Equation (1) it can be seen that relaxivity will be
higher if T1M is shorter, but the rapid rotational dynamics of
Gd1 cause T1M to be long thereby limiting relaxivity.


r1
i:s: ¼ 1


55:6


�
q


T1M þ tM


�
ð1Þ


Slowing molecular rotation is most easily achieved by conju-
gating the contrast agent to a macromolecule, such as a den-
drimer. However, improving relaxivity alone will not im-
prove the function of Gd1 as a pH responsive contrast
agent. To do that it is necessary to accentuate the difference
between the high and low relaxivity regimes. We hypothe-
sized that T1M could be reduced by conjugating Gd1 to a
dendrimer which would render the system more sensitive to
changes in tM. At higher pH values, the relaxivity would be
expect to be limited by slow exchange whereas at lower pH
values, catalysis of inner-sphere proton exchange by the
phosphonate groups should lift the limiting effect of ex-
change upon relaxivity (T1M > tM). Overall, coupling Gd1
to the dendrimer should improve both the absolute relaxivi-
ty, r1, and the change in relaxivity, Dr1, on going from low to
high pH. We therefore set out to conjugate Gd1 to a larger
macromolecule, in this case an ethylenediamine core G5-
PAMAM dendrimer, in order to reduce the rate of rotation
and improve the pH responsive characteristics of the com-
plex.


Results and Discussion


Synthesis : As the phosphonate groups of the pendant arms
were found to be responsible for the pH responsive nature
of Gd1,[12] it was important to maintain this structural fea-
ture when the complex was modified to facilitate attachment
to the dendrimer. Accordingly, the complex was modified by
incorporating a functionalized benzyl group onto the macro-
cyclic backbone of the complex, leaving the four phospho-
nate groups intact. The functionalized complex Gd2 was
prepared following the same synthetic procedure used for
the preparation of Gd1[12] simply substituting (S)-2-(p-nitro-
benzyl) cyclen for cyclen (Scheme 1).
Compound 3 was prepared by the Michaelis–Arbuzov re-


action of triethylphosphite with bromomethyl phthalimide.


Chem. Eur. J. 2008, 14, 7250 – 7258 H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 7251


FULL PAPER



www.chemeurj.org





The key intermediate 4 was then obtained by removal of the
phthalimide protecting group by an Ing–Manske[24] reaction
with 1.2 equivalents of hydrazine in ethanol. Normally this
type of deprotection reaction proceeds in good yields;[24]


however, in our case the yields were moderate at best.[12]


Furthermore, the presence of significant quantities of a reac-
tion by-product meant that column chromatography was
necessary to purify amine 4, an oil at room temperature.
Amines can often be purified by an acid/base extraction but
4 shows good water solubility, even at high pH, and this pre-
cluded purification by extraction. Low yielding reactions
that require complicated purification procedures are unsuit-
able for the scale-up necessary for the production of large
quantities of an MRI contrast agent. We therefore under-
took an investigation into the reasons for the low reaction
yield of this step.


1H NMR analysis of the crude reaction mixture indicated
that the primary contaminant of the product 4 was a single
reaction by-product. This compound was isolated by column
chromatography and characterized. Rather surprisingly, this
by-product was identified as compound 5, the product of a
reaction between the starting material 3 and the intended
reaction product 4 (Scheme 2). A significant effort has been
applied to understanding the mechanism and intermediates
of the Ing–Manske reaction,[25–28] however, this particular re-
action pathway is rarely included in these discussions.[29] The
quantities of 5 produced suggest that this side reaction may,
on occasion, be more important than generally described.
The mechanism of the Ing–Manske reaction is quite com-
plex[26–29] but it is initiated by nucleophilic attack of hydra-
zine at one of the carbonyls of the phthalimide. The effec-
tiveness of an amine at removing phthalimide protecting
groups has been shown to relate to the protonation constant
of the attacking amine; the more basic the amine, the more


effective the reaction.[27] Thus, if the product amine is signifi-
cantly more basic than hydrazine, it is likely to compete
with hydrazine in attacking the phthalimide 3 to yield signif-
icant quantities of compound 5.
The identity of compound 5 was established by NMR


spectroscopy and mass spectrometry and, although attempts
to remove compound 5 from the crude reaction mixture by
crystallisation were unsuccessful, compound 5 readily crys-
tallises once purified. X-ray quality crystals could be grown
at room temperature from a solution of 5 in dichlorome-
thane by addition of diethyl ether and hexanes. This allowed
the structure of compound 5 to be confirmed by X-ray crys-
tallography (Figure 1). The production of compound 5


during the deprotection of the phthalimide 3 is doubly detri-
mental to the yield of 4 since two molecules of 4 are taken
up into one molecule of 5 ; this is in addition to the need for
chromatography. Thus, eliminating compound 5 from the re-
action would both improve yield and simplify purification
since the other reaction by-product, the insoluble phthalhy-
drazide, can be removed by filtration. A number of im-
provements to the Ing–Manske reaction have been suggest-
ed, most notably raising the reaction pH through addition of
sodium hydroxide.[26,27] However, concerns over the lability
of the phosphonate diester moiety towards base-catalysed


Scheme 1. Synthesis of a functionalised pH responsive contrast agent. i)
P ACHTUNGTRENNUNG(OEt)3/D ; ii) H2NNH2/EtOH; iii) BrCH2COBr/K2CO3/CH2Cl2; iv) (S)-2-
(p-nitrobenzyl) cyclen/K2CO3/MeCN/60 8C; v) 30% HBr in AcOH.


Scheme 2.


Figure 1. ORTEP rendering of the crystal structure of 5 showing 50%
ellipsoids. Hydrogen atoms have been omitted for clarity.
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hydrolysis precluded this as a solution to this problem. We
investigated a number of the other Ing–Manske reaction
conditions to assess whether the reaction conditions could
be improved.
Compounds 4 and 5 are easily distinguished by 1H NMR


spectroscopy; a shift difference of almost 1 ppm is observed
for the methylene resonance a to the phosphorous. This res-
onance appears as a doublet at 2.9 ppm (coupled to phos-
phorous) in 4 and as a doublet of doublets at 3.8 ppm (cou-
pled to phosphorous and the amide proton) in 5. A series of
experiments were performed in which various reaction con-
ditions were altered and the ratio of the two reaction prod-
ucts in the crude reaction mixture determined by 1H NMR
spectroscopy. Neither increasing the reaction temperature
from room temperature to reflux nor increasing the reaction
time from 6 h to 5 d was found to have a significant effect
upon the distribution of reaction products. However, when
the amount of hydrazine used in the reaction was increased
the amount of 4 obtained from the reaction was greatly in-
creased at the expense of 5. Increasing the amount of hydra-
zine from one to four equivalents greatly reduced the
amount of 5 produced in the reaction. At six equivalents of
hydrazine the yield of 5 was <5%, and ten equivalents of
hydrazine eliminated all traces of 5 from the reaction
1H NMR spectrum. This observation does not indicate that
5 is not produced during the reaction. Indeed, when an puri-
fied sample of 5 was treated with ten equivalents of hydra-
zine it was found to undergo a quantitative conversion to 4,
as determined by 1H NMR (Scheme 2). Thus, 5 may still be
produced in the reaction but, importantly, it is reactive
under these conditions and does not persist as a reaction
product.
Changing the conditions of the Ing–Manske reaction by


increasing to ten the equivalents of hydrazine allowed pu-
rification to be simplified from column chromatography to
filtration to remove the phthalhydrazide. It also improved
the reaction yield to 97% and rendered this process suitable
for scale-up. Condensation of the amine 4 with bromoacetyl
bromide afforded the bromoacetamide 6 which was used to
alkylate (S)-2-(p-nitrobenzyl) cyclen in acetonitrile with
K2CO3 as base (Scheme 1). Subsequent deprotection of the
phosphonate esters of 7 with HBr in AcOH afforded the
ligand 2 a functionalized analogue of 1 that preserved the
integrity of the four phosphonate groups.
It was later found that conjugation of the bifunctional


ligand to the PAMAM dendrimer was more efficient if the
protected ester ligand 7 was used instead of the free acid.
Reduction of the nitro group with hydrogen and palladium
catalyst afforded the corresponding amine 8 in 72% yield
(Scheme 3). The amine was then converted to the isothio-
cyanate 9 by reaction with thiophosgene in a biphasic reac-
tion at pH 2. The isothiocyanate group is ideal for conjuga-
tion with primary amines, such as those that decorate the
surface of the PAMAM dendrimer, under mild conditions.
The phosphonate ester was preferred for this conjugation re-
action in order to minimize non-reactive salt formation be-
tween the amines of the dendrimer and phosphonic acids


and repulsion between conjugated and incoming phospho-
nates. The ethylenediamine core G5-PAMAM dendrimer se-
lected as the basis of our macromolecular construct has 128
primary amine groups on its surface. The dendrimer was re-
acted with 256 equivalents of 9 for 24 h at 40 8C followed by
a further 256 equivalents for 48 h. The reaction pH was
maintained at 9 throughout by addition of a 1m solution of
NaOH. The reaction was analysed by HPLC using a Phe-
nomenex BIOSEP SEC S-3000 size exclusion column (5–
700 kD, PBS buffer, pH 7.4). The chelate–dendrimer conju-
gate was purified by repeated diafiltration using a Centricon
C-30 membrane with a 30 kD cut-off (Millipore) until no
low molecular weight materials could be detected by HPLC.
HPLC analysis of the resulting dendrimer indicated that an
average hydrodynamic volume equating to a molecular
weight of about 140 kD was achieved. This corresponds to
an average of 75% coverage or 96 ligands per dendrimer. A
ligand/dendrimer coverage ratio of 97:1 was confirmed by
elemental analysis of the carbon and sulfur content of the
conjugate. Similar loading values were obtained by 1H NMR
analysis of the aromatic and alkyl protons, however, the re-
producibility of loading values determined by this method
was poorer than SEC and combustion analysis. The conjuga-
tion reaction was performed in H2O, DMSO and mixtures
of the two, the extent of ligand/dendrimer ratio was found
to be unaffected by the choice of solvent. The phosphonate
esters of the conjugate 10 were finally removed under iden-
tical conditions to those used in the preparation of the
ligand 2, HBr and AcOH, to afford the conjugate 11.


Scheme 3. Synthesis of the dendrimer-based pH responsive contrast agent
Gd11. i) H2/Pd on C/H2O; ii) SCCl2/CHCl3/H2O pH 2; iii) G-5 PAMAM
dendrimer/H2O pH 8; iv) 30% HBr in AcOH.
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Formation of the gadolinium complexes of 2 and 11 also
requires special attention. With most DOTA–tetraamide li-
gands, this step is relatively simple; however, we have re-
cently reported that the phosphonate groups of 1 can inter-
fere with these complexation reactions[12] so care was taken
to perform the complexation reactions of both 2 and 11 at
pH 9 in order to ensure that the gadolinium ion was bound
by the macrocyclic coordination cage. In the case of ligand 2
equimolar amounts of ligand and gadolinium chloride hexa-
hydrate were reacted together at pH 9 and 60 8C in aqueous
solution. No further purification was undertaken. However,
1.2 equivalents of gadolinium chloride were used in the re-
action with 11 to ensure complete reaction of the ligands.
After 48 h at 40 8C and pH 9 in aqueous solution the excess
gadolinium was removed by addition of EDTA followed by
dialysis in water (12 kD molecular weight cut-off, Sigma Al-
drich). The conjugate Gd11 was then further purified by dia-
filtration with Centricon C-10 (10 kD cut-off) in water at
pH 7.4. Although addition of the Gd3+ ion into each ligand
of the conjugate would lead to a substantial increase in mo-
lecular weight, this increase would be expect to have little
or no effect upon the hydrodynamic volume of the conju-
gate. Thus, size exclusion HPLC was used to verify that the
apparent molecular weight remained near 140 kD.


Relaxometric studies : The relaxivity pH profile of Gd2 was
recorded and compared with that of Gd1 to ensure that the
introduction of the benzylic function on the macrocyclic ring
did not negatively impact the pH responsive properties of
the complex. The relaxivity pH profiles of Gd1 and Gd2
(Figure 2) are comparable, rising and falling to approximate-
ly the same relaxivity at approximately the same pH. The
only slight difference between the two profiles is that the re-
laxivity of Gd2 is slightly higher than that of Gd1 between
pH 4 and 6. This may be a reflection of slight changes in the
protonation constants of the phosphonates, but nonetheless
indicates that introduction of the nitrobenzyl substituent
does not negatively impact the behaviour of Gd2. Like Gd1
the relaxivity of Gd2 changes over a physiologically relevant
pH range. The relaxivity pH profile of Gd11 is also shown


(Figure 2); here the advantage of conjugating the low mo-
lecular weight chelate to a dendrimer is immediately appar-
ent. The relaxivity of Gd11 changes over the same physio-
logically relevant pH range as that of Gd1 and Gd2 but is
much higher on a per Gd3+ basis, rising from 10.8 mm


�1 s�1


at pH 9.5 to 24.0 mm
�1 s�1 at pH 6. (On a per molecule basis


relaxivity rises from 1037 mm
�1 s�1 to 2304 mm


�1 s�1.) This
equates to a relaxivity pH response, Dr1, of 122% on passing
from pH 9.5 to 6.0, more than doubling the Dr1 of Gd1 and
Gd2, Dr1=51 and 59%, respectively, over the same pH
range. Although the pH profiles of Gd1 and Gd2 exhibit a
drop in relaxivity on passing below pH 6 the profile of Gd11
cannot be measured below this pH since the dendrimer con-
jugate precipitates from solution immediately below pH 5.9.
This is presumably the result of the high molecular weight
conjugate suddenly reaching its isoelectric point.
The difference in relaxivity between the “on” (pH 6) and


“off” (pH 9.6) states of the dendrimer-based pH responsive
agent was improved by more than a factor of 2 by slowing
molecular rotation. This should render the dendrimer-conju-
gate, Gd11, a more effective pH responsive agent for imag-
ing tissue pH. In order to assess the origins of this improve-
ment in pH responsive behaviour, nuclear magnetic reso-
nance dispersion (NMRD) profiles of Gd11 were recorded
at high and low pH values (Figure 3). At both pH 6.5 and at
pH 9.3, the relaxivity increased at lower temperatures indi-


Figure 2. Relaxivity pH profiles of Gd1 (^)[12] Gd2 (*) and Gd11 (*) re-
corded at 20 MHz and 298 K. Relaxivity is expressed per Gd3+ ion.


Figure 3. NMRD profiles of Gd11 recorded at pH 6.5 (top) and pH 9.3
(bottom); ^: 5, ^: 15, *: 25, *: 35 8C.
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cating that the observed relaxivities are not limited by slow
water proton exchange between complex and bulk water.
Comparing the high field (1–100 MHz) regions of NMRD
profiles recorded at the same temperature we can see that
at higher pH (9.3) the curve is flatter and has a lower mag-
nitude than at lower pH (6.5). This indicates that at pH 9.3
the effective correlation time, tC, which is responsible for
modulating relaxation, is shorter than it is at pH 6.5.
Owing to the large number of ionizable phosphonate and


dendrimer amine groups on the dendrimer, multiple proton-
ated species must exist at each pH value. This complicates
any attempt to “fit” these NMRD profiles in a quantitative,
meaningful way. Nonetheless, it is useful examine the pa-
rameters that influence relaxivity in a qualitative sense in
order to probe which factors are responsible for the ob-
served behaviour. One may assume that each of the 96 Gd3+


chelates on the dendrimer surface has one water molecule
in its inner coordination sphere. In addition, the phospho-
nate groups of each pendant arm may form hydrogen-bond-
ing interactions with nearby water molecules forming a
second hydration sphere. The extent of this second hydra-
tion sphere is likely to vary as the phosphonates are proton-
ated or deprotonated with changing pH. Over a certain pH
range it has also been shown that these phosphonates can
catalyse exchange of protons from the coordinated water
molecule to the bulk solvent.[12] Finally there is an outer-
sphere contribution to relaxivity resulting from the diffusion
water molecules of the bulk solvent close by the slowly tum-
bling Gd3+ chelates. This outer-sphere effect depends pri-
marily on the rate of diffusion of water and is insensitive to
changes in pH.
Conjugating Gd3+ complexes to dendrimers is a common


strategy for slowing the rotational dynamics of paramagnetic
complexes.[30–37] In order to quantitatively describe the rota-
tional dynamics of these dendrimer systems, the Lipari–
Szabo approach is typically used.[38–43] This model employs
two correlation times; a long correlation time that defines
the global motion of the entire dendrimer conjugate, tg, and
a second shorter correlation time, tl, that reflects the local
motion of the metal complex about its point of attachment
to the dendrimer. This fast local motion is superimposed
upon the slower global motion of the dendrimer. For sys-
tems conjugated to G5-PAMAM dendrimers the global cor-
relation time, tg, has been reported on the order of 4–
5 ns.[42,44] The correlation time describing the local motion,
tl, of the complex range from 0.07–0.76 ns.[41–44] The relative
weighting of these two correlation times is given by an
order parameter, S2, that can range from 0 (where local
motion is dominant) to 1 (where isotropic, global motion is
dominant). For dendrimers modified with Gd3+ chelates S2


was found to range from 0.28–0.5.
We assumed that similar rotational dynamics applied to


Gd11 and these parameters to simulate the high field region
(1–100 MHz) of an NMRD profile (Figure 4). Electron-spin
relaxation parameters were fixed at values similar to those
used elsewhere.[40–44] When the rate of proton exchange be-
tween water molecules associated with the complex (either


1st or 2nd hydration sphere) and the bulk solvent is ex-
tremely fast (short tM) the high field NMRD profile is flat
and relaxivity low (Figure 4a). This is because these protons
have a low probability of being relaxed before they ex-
change back into the bulk solvent. At the other extreme,
very slow exchange that is, very long tM, the profile is also
flat and relaxivity low (Figure 4b) because these protons,
once relaxed by Gd3+ , remain on the complex preventing
others from being relaxed. So in both cases relaxation is not
effectively transferred to the bulk solvent and the T1 of the
bulk remains long. Between these two extremes, where 1 ns
< tM < 1000 ns, the profile is characterized by higher relax-
ivities and a “hump” between 10 and 60 MHz (Figure 4).
The magnitude of the relaxivity in the profiles will depend
on these exchange kinetics, but also on the number of ex-
changeable protons and their distance from Gd3+ . However,
these latter two parameters will not affect the shape of the
NMRD profile.
In order to mimic the flat, field independent behaviour


observed for Gd11 at pH 9.3, the proton residence lifetime,
tM, must be either very short (<1 ns) or very long (>1 ms).
The rate of water proton exchange is temperature depen-
dent; as the temperature is lowered tM becomes longer. This


Figure 4. Effect of proton residence lifetime (tM) on the relaxivity of
Gd3+-G5 PAMAM dendrimer conjugates in the fast (top) and slow
(bottom) exchange regimes. The simulated profiles are plotted at same
scale using parameters: tg=4.5 ns, tl=0.15 ns, S2=0.5, tv=20 ps, D=2N
109 s.
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increase in tM applies to both water molecules in the inner
and second hydration spheres; however, it has an opposing
effect on the relaxivity of each. The water protons of the
inner-sphere water molecule of Gd1 were found to be in
slow exchange with the bulk,[12] and so these protons con-
tribute poorly to the overall relaxivity. In contrast, water
protons of a second hydration sphere are known to undergo
very rapid exchange that also limits their contribution to re-
laxivity.[22] Whereas making tM of the inner sphere longer
(lower temperature) will not result in an increase in relaxivi-
ty, making tM of the second sphere longer could bring these
protons into a range where they are able to contribute more
substantially to relaxivity (Figure 4a). Inspecting the NMRD
profile of Gd11 recorded at pH 9.3 and 35 8C, the high field
region is flat suggesting that exchange of inner-sphere water
protons is too slow and exchange of second sphere water
protons too fast for a relaxivity enhancement “hump” to be
observed at high field. As the temperature is taken down to
5 8C the profile begins to take on the appearance of a small
“hump” at high field. Clearly exchange from the inner-
sphere water protons will continue to be too slow to provide
a contribution to relaxivity at lower temperatures. The small
increase in relaxivity must therefore be the result of slowing
the exchange rate of second-sphere water protons into a
range that allows some contribution to relaxivity. This
second-sphere contribution to relaxivity is not observed for
either Gd1 or Gd2 because their rotational dynamics are
too rapid. Given the small size of the high field relaxivity
hump, exchange of second-sphere water molecules is likely
to be in the range of tM=0.5–5 ns.
Over a certain pH range, the phosphonate groups of the


pendant arms of the low molecular weight complexes Gd1
and Gd2, catalyse exchange of inner-sphere water protons
with the bulk solvent.[12] The fast rotational dynamics (tg
�0.1 ns) of these low molecular weight chelates limits their
relaxivity but conjugation to the dendrimer lifts this restric-
tion in Gd11 and so the observed relaxivity is higher by a
factor of almost 5. At pH 6.5 and 35 8C the NMRD profile
of Gd11 already has a slight high field “hump” which be-
comes more pronounced as the temperature is lowered.
From studies on Gd1, a contribution to this high field relax-
ivity from the inner-sphere proton exchange is expected.
However, a contribution from protons in the second hydra-
tion sphere is also apparent. This is most clearly seen when
the temperature is lowered. The tM of inner-sphere water
protons of Gd1 was found to be on the order of microsec-
onds[12] and so as the temperature is lowered the inner-
sphere relaxivity should decrease as exchange becomes in-
creasingly limited (cf. Figure 4b). The observed relaxivity in-
creases with decreasing temperature indicating that a sub-
stantial second-sphere component must be present (Fig-
ure 4a). The fact that the increase in high field relaxivity
with decreasing temperature is larger at pH 6.5 than it is at
pH 9.3 suggests that either the second hydration sphere is
larger or it is more ordered, leading to longer tM values, at
pH 6.3 than at 9.3. Gd11 would seem to be a rare example
of a system in which relaxivity is limited both by prototropic


exchange in the 2nd-sphere that is too fast and by water ex-
change in the inner-sphere that is too slow.
It is worth noting that a third factor may also play a role


in improving the relaxivity pH response of Gd11. Gd3+ com-
plexes that exhibit no pH response have been found to
behave as pH responsive agents once conjugated to
PAMAM dendrimers.[44] The origin of this phenomenon is
thought to be changes in the internal motion of the dendri-
mer itself as the pH changes. Protonation of amines within
the body of the dendrimer is believed to make the dendri-
mer more rigid making tR longer at lower pH. Thus the re-
laxivity of agents conjugated to these dendrimers has been
found to increase as the pH drops. It is likely that, in addi-
tion to the interplay of inner-sphere and second-sphere
water proton exchange rates, a third contribution to the pH
responsive behaviour of Gd11 arises from changes in the ri-
gidity of the dendrimer with changes in pH.


Conclusions


It is possible to take advantage of the interplay between mo-
lecular reorientation and water proton exchange kinetics to
enhance the response behaviour of complexes that exhibit
changes in relaxivity arising from changes in water or
proton exchange kinetics. Our initial hypothesis was that
coupling the pH-responsive agent Gd1 to a dendrimer
would increase both the overall relaxivity, r1, the responsive-
ness of relaxivity to pH, Dr1. This was achieved by slowing
rotation via conjugation to a dendrimer, increasing Dr1 by
more than a factor of 2. This enhancement should enable
Gd11 to serve as an effective pH responsive MRI contrast
agent. Furthermore, this dendrimer system has provided fur-
ther insights into the mechanism by which this class if pH
responsive agent, Gd1, Gd2 and Gd11, operates. The pH re-
sponse is the result of a complex interplay between the rate
of proton exchange between the bulk solvent and water
molecules in the inner and second hydration spheres. The
overall relaxivity is ultimately limited by the slow exchange
kinetics of protons in the inner hydration sphere and rapid
exchange kinetics of protons in the second hydration sphere.
From an imaging point of view the substantial improve-
ments in both r1 and Dr1 afforded by Gd11 should allow im-
proved determination of in vivo pH by MRI. However, it is
worth noting that improving Dr1 through increased molecu-
lar weight may also negatively impact the effectiveness of
such agents. Large molecules, such as dendrimers, remain in
vasculature longer than discrete agents, such as Gd1, which
are better able to diffuse into all extracellular space. Fur-
thermore, large molecules, such as Gd11, tend to clear more
slowly from the body as a result of increased liver uptake.
This extends the retention time of Gd3+ in the body. Further
studies into the in vivo behaviour of dendrimer-based MRI
contrast media will be required to establish if this approach,
which is successful for increasing both r1 and Dr1, will yield
agents that can actually be applied in vivo.
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Experimental Section


General remarks : All reagents and solvents were purchased from com-
mercial sources and used as received unless otherwise stated. The ethyl-
ene core G5-PAMAM dendrimer from Dendritech was purchased
through Sigma-Aldrich as a 5% solution in methanol. Prior to use the
solvents were removed under vacuum and the dendrimer redissolved in
the reaction solvent. 1H NMR spectra were recorded on a JOEL Eclipse
270 spectrometer operating at 270.17 MHz, a Varian Mercury 300 spec-
trometer operating at 299.95 MHz and a Bruker Avance III spectrometer
operating at 400.13 MHz. 13C NMR spectra were obtained using a Bruker
Avance III spectrometer operating at 100.61 MHz. Longitudinal relaxa-
tion times were measured using the inversion recovery method on a
MRS-6 NMR analyzer from the Institut “Jožef Stefan”, Ljubljana, Slov-
enjia operating at 20 MHz. The pH of samples for relaxivity measure-
ments was adjusted by addition of either lithium hydroxide monohydrate
or p-toluenesulfonic acid monohydrate in order to avoid dilution. Melting
points were determined on a Fisher-Johns melting point apparatus and
are uncorrected. NMRD profiles between 0.01 and 50 MHz were record-
ed using the field cycling relaxometer at New York Medical Collge, Val-
hala NY.


Synthesis : The synthesis of diethyl phthalimidomethylphosphonate (3)
and diethyl bromoacetamidomethylphosphonate (6) have been reported
previously.[12]


Diethyl aminomethylphosphonate (4): Hydrazine (81.6 mL, 168.2 mmol)
was added to a solution of the phthalimide 3 (50.0 g, 1.68 mol) in dry eth-
anol (500 mL). The reaction was stirred at room temperature for 18 h.
The solvents were removed under reduced pressure and the residue
placed under high vacuum to remove as much excess hydrazine as possi-
ble. To the residue was added diethyl ether (750 mL) which was then fil-
tered to remove the precipitate. The precipitate was washed with diethyl
ether (2000 mL). The solvents were removed from the filtrate under re-
duced pressure to afford the title compound as a colourless oil (41.9 g,
97%). Characterisation data is identical to that reported previously.[12]


N’,N’’-Bis-(diethyl)methylphosphonate phthalamide (5): The title com-
pound was isolated as a by-product of the reaction used to synthesise
4.[12] X-ray quality crystals were grown by dissolving 5 (0.5 g) in a mini-
mum of dichloromethane in a 20 mL scintillation vial. Diethyl ether
(8 mL) was added and the components mixed thoroughly. Hexanes
(9 mL) were then added slowly such that a layer of hexanes lay on top of
the solution of 5. The vial was sealed and the layers were allowed to dif-
fuse together at room temperature, affording high quality crystals of 5.
M.p. 119–120 8C; 1H NMR (400 MHz, CDCl3): d=1.21 (t, 12H, 3J-
ACHTUNGTRENNUNG(H,H)=7 Hz, CH3), 3.73 (dd, 4H, 2J ACHTUNGTRENNUNG(H,P)=12 Hz, 3J ACHTUNGTRENNUNG(H,H)=6 Hz,
CH2P), 3.98 (q, 4H, 3J ACHTUNGTRENNUNG(H,H)=7 Hz, OCH2), 4.00 (q, 4H, 3J ACHTUNGTRENNUNG(H,H)=7 Hz,
OCH2), 7.36 (dd, 2H, 3J ACHTUNGTRENNUNG(H,H)=6 Hz, 4J ACHTUNGTRENNUNG(H,H)=3 Hz, Ar), 7.48 (dd, 2H,
3J ACHTUNGTRENNUNG(H,H)=6 Hz, 4J ACHTUNGTRENNUNG(H,H)=3 Hz, Ar), 7.70 ppm (dd, 2H, 3J ACHTUNGTRENNUNG(H,H)=6 Hz,
NH); 13C NMR (100 MHz, CDCl3): d=16.3 (3J ACHTUNGTRENNUNG(C,P)=6 Hz, CH3), 35.2
(1J ACHTUNGTRENNUNG(C,P)=156 Hz, CH2P), 62.4 (2J ACHTUNGTRENNUNG(C,P)=6 Hz, OCH2), 128.4 (3-Ar),
130.1 (2-Ar), 134.5 (1-Ar), 168.7 (3J ACHTUNGTRENNUNG(C,P)=5 Hz, C=O); IR (KBr disc):
nmax = 3251 (NH), 3063, 2984, 2931, 2910, 2236 (PO), 1661 (CO) 1595,
1539, 1479, 1444, 1369, 1319, 1217 (PO), 1163, 1098, 1023 (PO), 973, 786,
730 cm�1; ESMS-: m/z (%): 463 (100) [M�H+]� ; elemental analysis calcd
(%) for C18H30N2O8P2: C 46.6, H 6.5, N 6.0; found: C 46.1, H 6.4, N 5.9.


(S)-2-(p-Nitrobenzyl)-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacet-
amidomethylene-(diethyl)phosphonate (7): (S)-2-(p-Nitrobenzyl) cyclen
(0.48 g, 1.56 mmol) was dissolved in acetonitrile (20 mL). Potassium car-
bonate (1.45 g, 11.0 mmol) and bromoacetamide 6 (2 g, 6.94 mmol) were
added and the reaction mixture stirred for 72 h at 60 8C. The reaction
mixture was filtered and the solvents removed under reduced pressure.
The residue was purified by column chromatography over silica gel elut-
ing with 10% methanol in dichloromethane to afford the title compound
as pale yellow solid (0.53 g, 30%). ESI+ : m/z (%): 1136 (35) [M+H]+ ,
1158 (100) [M+Na]+ , 1174 (60) [M+K]+ .


(S)-2-(p-Aminobenzyl)-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacet-
amidomethylene-(diethyl)phosphonate (8): Nitro compound 7 (0.50 g,
0.44 mmol) was dissolved in water (15 mL) and 10% palladium on


carbon (0.12 g) was added. The reaction mixture was shaken on a Parr
hydrogenation apparatus for 12 h under H2 (25 psi). The catalyst was re-
moved by filtration and the solvents removed by lyophilization to afford
the title compound as a colourless solid (0.35 g, 72%). ESI+ : m/z (%):
1106 (65) [M+H]+ , 1128 (100) [M+Na]+ .


(S)-2-(p-Isothiocyanatobenzyl)-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetra-
acetamidomethylene-(diethyl)phosphonate (9): Amine 8 (0.50 g,
0.45 mmol) was dissolved in water (5 mL) and the pH of the resulting so-
lution adjusted to 2 by addition of a dilute HCl solution. Chloroform
(15 mL) was added to the reaction which was then stirred vigorously at
room temperature. Thiophosgene (0.052 mg, 0.45 mmol) was added to
the reaction which was then stoppered and stirred vigorously for 18 h at
room temperature. The reaction mixture was then transferred to a sepa-
ratory funnel and the chloroform layer was allowed to run off. The aque-
ous layer was then washed with chloroform (2N20 mL). The aqueous
layer was then collected and the solvents removed under reduced pres-
sure to afford the title compound as a colourless solid (0.48 g, 93%).
ESI+ : m/z (%): 1148 (100) [M+H]+ , 1170 (78) [M+Na]+ .


(S)-2-(p-Nitrobenzyl)-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacet-
amidomethylene phosphonic acid (2): Octaethyl ester 7 (0.75 g,
0.66 mmol) was dissolved in a 30% solution of HBr in acetic acid
(8 mL). The resulting solution was stirred at room temperature for 18 h.
The solvents were removed under reduced pressure and the residue
taken up in EtOH (20 mL), the solvents were again removed under re-
duced pressure. The solid residue was then taken up into MeOH (10 mL)
and the title compound precipitated by dropwise addition of Et2O. The
title compound was isolated by filtration, dissolved in water and the sol-
vents removed by lypholization to afford a tan solid (0.49 g, 81.4%).
ESI+ : m/z (%): 511 (100) [H4L+5Na]2+ .


G5-PAMAM dendrimer–ligand phosphonate diethyl ester conjugate
(10): G5-PAMAM dendrimer (40 mg, 1.4 mmol) was dissolved in DMSO/
water 1:1 (4 mL). Isothiocyanate 9 (0.41 g, 0.36 mmol) was added and the
pH of the resulting solution raised to 9 by addition of 1m NaOH solution.
The reaction was then stirred at 40 8C for 24 h with the pH maintained at
9 by addition of NaOH before a solution of 9 (0.41 g, 0.36 mmol) in
DMSO (1 mL) was added. The reaction was stirred for a further 48 h at
pH 9. The reaction mixture was then transferred to a Centircon C-30 dia-
filtration cell with a 30 kD molecular weight cut-off. Diafiltration was re-
peated until SEC-HPLC revealed that no further low molecular weight
material was present, the solvents were then removed by lyophylisation
to afford a colourless solid (0.11 g). Anal found C 28.63, S 1.34%, or
56.975 carbon atoms per sulfur atom. The ligand formula C44H81N9O16P4S
equates to 1 ligand per 12.975 carbon atoms of the dendrimer. The den-
drimer formula C1262H2528N506O252 affords a ratio 1262/12.975 or 97.26 li-
gands per dendrimer.


G5-PAMAM dendrimer–ligand phosphonic acid conjugate (11): Conju-
gate 10 (0.11 g) was dissolved in a 30% solution of HBr/glacial acetic
acid (3 mL) under an argon atmosphere. The reaction was stirred at
room temperature for 18 h. The solvents were then removed under re-
duced pressure and residue taken up into methanol (10 mL) which was
then also removed under reduced pressure. Dissolution and evaporation
of methanol was performed a further three times to removes as much
excess acetic acid as possible. The residue was then washed with diethyl
and vacuum dried to afford the title compound as a colourless solid
(0.09 g).


SEC-HPLC analysis : Size-exclusion HPLC analysis of 10 and Gd11 were
performed on a phenomenex BIOSEP SEC S-3000 size exclusion column
(5–700 kD) eluting with PBS buffer at pH 7.4. The column was standar-
dised using commercially available protein (globular) molecular weight
standards: cytochrome C (12.4 kD), carbonic anhydrase (29 kD), bovine
serum albumin (66 kD), g-globulins (160 kD), apoferritin (480 kD), dex-
tran blue (2000 kD).


Crystal structure determination of 5


Data collection : A colourless irregular block with approximate orthogo-
nal dimensions 0.46N0.41N0.25 mm was placed and optically centered on
the Bruker SMART1000 CCD system (Bruker, SMART, Version 5.054
(2004) and SAINT, Version 7.23 A, Bruker AXS Inc.) at �183 8C. The in-
itial unit cell was indexed using a least-squares analysis of a random set
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of reflections collected from three series of 0.38 wide w scans, 10 seconds
per frame, and 25 frames per series that were well distributed in recipro-
cal space. Five w-scan data frame series were collected (MoKa) with 0.38
wide scans, 20 seconds per frame and 606 frames collected per series at
varying f angles (f=0, 72, 144, 216, 2888). The crystal to detector dis-
tance was 4.123 cm, thus providing a complete sphere of data to 2qmax=


60.488.


Structural determination and refinement : A total of 88185 reflections
were collected and corrected for Lorentz and polarization effects and ab-
sorption using BlessingPs method[45] as incorporated into the program
SADABS (Sheldrick, G.M., SADABS, Version 2.10 (2003), “Siemens
Area Detector Absorption Correction” UniversitQt Gçttingen, Gçttin-
gen, Germany) with 13581 unique. The SHELXTL (G. M. Sheldrick,
SHELXTL, Version 6.1, 2002, Bruker AXS Inc.) program package was
implemented to determine the probable space group and set up the ini-
tial files. System symmetry, systematic absences, and intensity statistics in-
dicated the non-centrosymmetric orthorhombic space group Pna21 (no.
33). The structure was determined by direct methods with the successful
location of a majority of the molecule within the asymmetric unit using
the program XS (G. M. Sheldrick, SHELXS97 and SHELXL97, 1997),
which was also used to refine the structure. The data collected were
merged based upon identical indices yielding 53260 data [R ACHTUNGTRENNUNG(int)=0.0267]
that were truncated to 2qmax=60.008 resulting in 51060 data that were
further merged during least-squares refinement to 13322 unique data [R-
ACHTUNGTRENNUNG(int)=0.0393]. A series of least-squares difference-Fourier cycles were
required to locate the remaining non-hydrogen atoms and optimize the
various disorders present for the two molecules in the asymmetric unit.
All full occupancy non-hydrogen atoms were refined anisotropically. Hy-
drogen atoms were idealized throughout the final refinement stages. The
final structure was refined to convergence with R(F)=6.55%, wR ACHTUNGTRENNUNG(F 2)=


12.39%, GOF=1.118 for all 13322 unique reflections [R(F)=5.72%,
wR ACHTUNGTRENNUNG(F 2)=12.02% for those 11744 data with Fo > 4s(Fo)]. The final dif-
ference-Fourier map was featureless indicating that the structure is both
correct and complete. An empirical correction for extinction was also at-
tempted but found to be negative and therefore not applied. The abso-
lute structure parameter, Flack(x),[46] was refined and found to be 0.38(9)
indicating that racemic twinning is present.


CCDC 680275 (5) contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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Dependence of Enantioselectivity on the Ligand/Metal Ratio in the
Asymmetric Michael Addition of Indole to Benzylidene Malonates:
Electronic Influence of Substrates


Alexander Sch)tz, Ramesh Rasappan, Markus Hager, Anja Gissibl, and Oliver Reiser*[a]


Introduction


Determination of the optimum ligand/metal ratio has been
an issue in many pioneering works in the field of asymmet-
ric catalysis with chiral oxazoline ligands. An early example
was reported by Brunner and co-workers, in which they
demonstrated that, in general, the rhodium/ligand ratio in
the enantioselective hydrosilylation of acetophenone with
[RhCl ACHTUNGTRENNUNG(cod)]2 (cod=1,5-cyclooctadiene) by using pyridineox-
azoline ligands as cocatalysts is crucial for asymmetric in-
duction.[1] An excess of rhodium was found to be as detri-
mental as an equimolar ratio of ligand to metal, whereas a
fivefold ligand surplus was found to give the best optical in-
duction. The same group showed that the CuACHTUNGTRENNUNG(OAc)2-cata-
lyzed monophenylation of meso-diols with Ph3Bi ACHTUNGTRENNUNG(OAc)2 can
be rendered enantioselective with an even higher excess of
pyridineoxazoline.[2] Indeed, it appears reasonable to assume
that at least a small excess of ligand is required to suppress


a background reaction promoted by ligand-free and, there-
fore, unselective metal centers. Consequently, a slight excess
of ligand was applied in various asymmetric catalyses ever
since. Evans[3] and Pfaltz[4] have developed highly enantiose-
lective processes for the copper(I)-catalyzed cyclopropana-
tion of olefins by utilizing bis(oxazolines) and semicorrines,
respectively, in small overspill, the latter also applied at a
ligand/copper ratio of two, but accompanied by a diminutive
loss of selectivity. The same ligands proved to be very effi-
cient in palladium-catalyzed allylic alkylations at a ligand/Pd
ratio of 1.25.[4b]


However, we found the stereoelectronic outcome of the
asymmetric monobenzolyation of 1,2-diols to be affected by
neither an excess of copper(II) nor bis(oxazoline) ligands,[5]


which raised the question as to if these catalyses might even
be negatively influenced in their optical yields by a ligand
surplus. Indeed, we observed such a detrimental effect on
the enantioselective Michael addition of indole to benzyli-
dene malonate, which gave rise to selectivities that were not
achieved with simple bis(oxazoline) ligands heretofore.[6]


This unprecedented effect was subsequently validated in the
copper(I)-catalyzed alkynylation of an a-amino ester with
arylacetylenes, which responds to any excess of pybox
(pybox=pyridine-2,6-bis(oxazoline)) with a significant de-
crease in enantiofacial selection to the point that even a re-
versal of enantioselectivity can be achieved.[7]
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Herein, we present complementary results, which indicate
that the title reaction shows a unique behavior towards the
ligand/metal ratio. The different electronic parameters of
substituted benzylidene malonates highly influence not only
the sensitivity towards the ligand/metal ratio, but also
whether an excess of ligand is detrimental or beneficial. Fur-
thermore, the role of certain additives, such as triflate, is dis-
cussed. Especially in the presence of an excess of triflate,
the enantioselectivity of the reaction is decoupled from its
aboriginal strong dependence to the ligand/copper ratio.


Results and Discussion


The Friedel–Crafts reaction is one of the most powerful
methods for the formation of carbon–carbon bonds[8] and
has, therefore, gained a lot of attention during the past de-
cades, which has included the development of enantioselec-
tive variants.[9] The copper(II)-catalyzed 1,4-addition of
indole (4) to benzylidene malonate 5a is known to proceed
in the presence of bis(oxazoline) 1a with moderate selectivi-
ties (up to 69% ee ; ee=enantiomeric excess) under standard
reaction conditions (ligand/copper ratio 1.1–1.2 in alcoholic
solvents at ambient temperature and atmosphere) as report-
ed by Jørgensen et al.[10] Although some improvement was
achieved by Tang et al.[11] (up to 82% ee) they reasoned that
simple C2-symmetric bis(oxazolines) were unsuitable ligands
to form a highly stereodiscriminating environment for the
copper complex, a prerequisite to achieve high enantioselec-
tivities. An elegant alternative was proposed with the devel-
opment of tris(oxazoline) ligand 3, which is able to coordi-
nate in a tridentate fashion to the copper center. A penta-
coordinated complex of type B (Figure 1), in which one oxa-
zoline moiety necessarily has to be in an apical position, was
postulated to account for enhanced stereochemical induc-


tion. Indeed, employing 3 resulted in highly improved selec-
tivities of up to 93% ee for the adduct 6a.[12]


However, we found that a species of type B might not
necessarily be required to create highly stereoselective com-
plexes. Seemingly inferior bidentate bis(oxazolines) were
found to be applicable for the highly enantioselective addi-
tion of indole (4) to benzylidene malonate 5a.[6] If any
excess of ligand is avoided and the ligand/copper ratio care-
fully adjusted to 1.04, excellent enantioselectivities (>
99% ee) are obtained by using both, bis(oxazoline) 1a or
azabis(oxazoline)[13] 2, the latter resulting in somewhat
higher yields (entry 3, Table 1). Even if the 2/copper ratio is


shifted towards a slight excess of copper (entry 5), the selec-
tivity remains respectable and clearly superior to the one
obtained if the self-same ligand surplus is employed
(entry 2).


This is quite in contrast to the usual observation in asym-
metric catalysis that an excess of chiral ligand is beneficial
to avoid background reactions by uncomplexed metal. A
square-planar species of type A is assumed to give the same
high enantioselectivity as its five-membered counterpart B if
bis(oxazoline) ligands 1 or 2 are employed. A resting state
of the catalyst might be entered by coordination of a third
oxazoline moiety to copper, as suggested by Gade et al.[14] if
an excess of ligand is provided. To reach an active species,
one of the nitrogen moieties has to leave the coordination
sphere, which should be the apical oxazoline if ligand 3 is
employed. An excess of external ligand might, however,
compete for an equatorial position, which could result in
low enantioselectivity. In this study, we provide evidence for
such a mechanistic model.


When a number of substituted benzylidene malonates
were examined for the reaction with indole at ligand/metal
ratios of 1.05 and 1.3, a surprising dependence of the latter
with the electronic nature of the substituent was revealed.
We found that comparatively electron-rich compounds, es-
pecially 5a and 5b (entries 1–4, Table 2), formed adducts


Figure 1. Ligands and binding modes in copper complexes with benzyli-
dene malonate 4a.


Table 1. Dependence of enantioselectivity on the ligand/metal ratio in
the asymmetric 1,4-addition of indole (4) to benzylidene malonate 5a.[6][a]


Entry Ligand/metal ratio Yield [%] ee [%][b]


1 1.3:1.0 98 81
2 1.1:1.0 93 85
3 1.04:1.0 97 >99
4 1.0:1.0 90 98
5 1.0:1.1 96 98
6 1.0:1.3 95 91


[a] Reagents and conditions: indole (1.2 mmol), malonate (1.0 mmol), 2
(5 mol%), CuACHTUNGTRENNUNG(OTf)2 according to the metal/ligand ratio, 20 8C, 8 h; sol-
vent: EtOH (4 mL). [b] Determined by HPLC.
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with indole (4) in high optical yields if any excess of ligand
is prevented. On the contrary, the strongly electron-deficient
4-nitro-derivative 5g pales in this respect (entry 13). Surpris-
ingly, very good enantioselectivities were achieved for 5g if
an excess of ligand (2/copper ratio 1.3) was applied, which
was found to be highly disadvantageous for the electron-rich
counterparts (entry 2 and 14). In addition, we found that the
sensitivity of enantioselectivity towards ligand excess vanish-
es with the decreasing inductive contribution of the substitu-
ent until it is reversed: Best results for compounds 5c and
5d are still found at nearly an equimolar ratio of ligand and
copper (entries 5–8), although both, selectivities and ligand
dependence are somewhat lower relative to 5a and 5b.
Whereas the 2-bromo-derivative 5e appears to be rather in-
sensitive to the influence of the ligand/copper ratio, 4-
bromo-benzylidene malonate 5 f marks the turnaround with
maximum ee at a ligand/metal ratio of 1.3 (entries 9–12). As
mentioned above, the reversed sensitivity towards ligand
excess culminates for 4-nitro-derivative 5g. A further rise in
the ligand/metal ratio did not increase the selectivity.
Strongly electron-donating substituents, such as the dimethy-
lamino group, oppress the reactivity of the substrate com-
pletely (entry 15).


Hence, we supposed this different behavior to be associat-
ed with the different electronic parameters of the deriva-
tives. A semi-logarithmic plot of optical yields at the two
different ligand/metal ratios (1.05 and 1.3) versus the sI


values[15] of all para-substituted benzylidene malonates gave
a sigmoid trajectory (Figure 2).


To obtain a deeper insight into the proposed interplay of
tetra- and pentacoordinated copper–oxazoline complexes,
we investigated the use of lithium triflate for the title reac-
tion, an additive that is supposed to have an influence on
the enantioselectivity by coordination of triflate on the
copper center in an apical position.[12b] We speculated that a
pentacoordinated complex of type C might be less affected
by ligand excess (Scheme 1). In contrast to the likewise
square-pyramidal species B (Figure 1), no additional stereo-
chemical information is provided by coordination of the tri-
flate counterion.


Studies were carried out at different 2/copper ratios and
with benzylidene malonates 5a, 5e, and 5g, each represent-
ing a varied inductive contribution and, therefore, different
sensitivity towards ligand excess. Changing the amount of
indole (4) in the reaction with 5a from 1.2 to 5.0 mmol at a
ligand/metal ratio of 1.04 had no influence on either enan-
tioselectivity or yield (entry 1, Table 3), thus indicating a
minor role played by indole (4) as a ligand for coordination
of copper.[16] An addition of 25 mol% (equal to 5 equiv with
respect to the copper–aza(bisoxazoline) complexes) of lithi-
um triflate to the already highly selective reaction of indole
(4) with 5a in the absence of additives at a ligand/metal
ratio of 1.04 had some negative effects on enantioselectivity,
whereas the same amount of additive at the disadvantageous
2/copper ratio of 1.3 annihilates the negative influence of
ligand excess to a large part. The enantioselectivity thus ob-
tained is almost comparable to the one at a meticulously ad-
justed ligand/metal ratio (entries 1–4).


At the present time, we cannot offer a satisfactory explan-
ation for the observed electronic differences of the sub-
strates with respect to ligand ratio and enantioselectivity.
Our finding with regard to employing additives can be, how-
ever, explained if a five-membered square-pyramidal com-
plex is taken into consideration, which is widely accepted to
persist additionally to the distorted square-planar complex
of type A during catalysis with bis(oxazoline) complexes,[17]


Table 2. Dependence of enantioselectivity on the ligand/metal ratio in
the 1,4-addition of indole (4) to substituted benzylidene malonates 5a–h :
electronic effects of different malonates.[a]


Entry Ligand/metal ratio R Yield [%] ee [%][b]


1 1.04:1.0 H (5a) 97 >99[c]


2 1.3:1.0 H (5a) 98 81[c]


3 1.04:1.0 4-Me (5b) 80 93
4 1.3:1.0 4-Me (5b) 78 76
5 1.05:1.0 4-OMe (5c) 75 84
6 1.3:1.0 4-OMe (5c) 69 70
7 1.05:1.0 4-CF3 (5d) 95 90
8 1.3:1.0 4-CF3 (5d) 93 81
9 1.05:1.0 2-Br (5e) 89 85
10 1.3:1.0 2-Br (5e) 86 86
11 1.05:1.0 4-Br (5 f) 97 75
12 1.3:1.0 4-Br (5 f) 95 82
13 1.05:1.0 4-NO2 (5g) 92 82[c]


14 1.3:1.0 4-NO2 (5g) 83 94[c]


15 1.05:1.0 4-NMe2 (5h) – –


[a] Reagents and conditions: indole (1.2 mmol), malonate (1.0 mmol), 2
(5 mol%), 20 8C, 8 h; solvent: EtOH (4 mL). [b] Determined by HPLC.
[c] Obtained by at least two independent runs.


Figure 2. Semi-logarithmic correlation of optical yield ratio versus sI


values of para substituents in the reaction of indole (4) with substituted
benzylidene malonates 5a–d,f,g.
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whereas the catalytic activity of such intermediates remains
an unsettled issue. This square-pyramidal complex offers
two possible modes for the coordination of the benzylidene


malonate: it might be bound in
the plain of the oxazolines with
either both carboxyl moieties
or with one in an equatorial
and the other in an apical posi-
tion. The latter binding fashion
is most popular for pyridinebis-
(oxazolines),[18] but was also
discussed for bis(oxazoli-
nes).[17b,19] With an excess of
ligand present competing with
benzylidene malonate for coor-
dination space, the benzylidene
malonate might be driven in
the less-enantioselective bind-
ing mode D (Scheme 1), which
provides the sterically more de-
manding oxazoline surplus with
an equatorial position. In this
case, nonidentical alternatives
for coordination at the equato-
rial position would probably
arise, accounting for the drop in
selectivity. In fact we have a
hint that triazole moieties, al-
though sterically less demand-
ing than their oxazoline coun-
terparts, are bound in a square-
pyramidal copper complex in


an equatorial rather than in an apical position (Figure 3).
With a considerable excess of triflate applied (5 equiv with
respect to 2), competing with a rather small ligand surplus
for the fifth coordination site, triflate might cover this posi-
tion due to plain spillover. However, it is unlikely by means
of steric and electronic demand that triflate would occupy


Scheme 1. Mechanistic model for the asymmetric 1,4-addition of benzylidene malonate 5a.


Table 3. Dependence of enantioselectivity on the ligand/metal ratio in
the 1,4-addition of indole (4) to benzylidene malonates 5a,e,g : influence
of triflate as an additive.[a]


Entry Ligand/metal ratio R Li ACHTUNGTRENNUNG(OTf)/2 Yield [%] ee [%][b]


1 1.04:1.0 H (5a) – 97 >99[c]


2 1.05:1.0 H (5a) 5 90 93
3 1.3:1.0 H (5a) – 98 81[c]


4 1.3:1.0 H (5a) 5 97 96
5 1.04:1.0 2-Br (5e) – 89 85
6 1.05:1.0 2-Br (5e) 5 84 82
7 1.3:1.0 2-Br (5e) – 86 86
8 1.3:1.0 2-Br (5e) 5 78 85
9 1.05:1.0 4-NO2 (5g) – 92 82[c]


10 1.05:1.0 4-NO2 (5g) 5 89 96
11 1.3:1.0 4-NO2 (5g) – 83 94[c]


12 1.3:1.0 4-NO2 (5g) 5 73 93


[a] Reagents and conditions: indole (1.2 mmol), malonate (1.0 mmol), 2
(5 mol%), 20 8C, 8 h; solvent: EtOH (4 mL). [b] Determined by HPLC.
[c] Obtained by at least two independent runs.


Figure 3. X-ray structure of a polymeric ligand structure bridged by a
copper atom. Triazole moieties are coordinated at the equatorial posi-
tion.[6]
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an equatorial position rather
than benzylidene malonate.
Moreover, structures of type C,
in which triflate is bound in an
apical position have been dis-
closed previously.[12b,17c] Such a
complex geometry would pro-
vide the same high enantioselec-
tivity as the tetracoordinated
species of type A, for which
also an example has been repor-
ted[17d] (Figure 4). After all, a
mechanistic model involving a
five-membered intermediate is
rather capable of explaining
both the effect of ligand excess
and our novel findings concern-
ing the addition of triflate than
aboriginal considerations that
propose a four-membered rest-
ing state. However, coordination of a third oxazoline moiety
would, in this model, not result in a deactivation of the com-
plex due to reduced Lewis acidity as proposed by Gade
et al. ,[14] but in less enantioselective 19e-species D1 and D2.
Pentacoordinated copper–bis(oxazoline) complexes with
equatorial/apical-coordinated a-ketoesters[20] or (benzyloxy)
acetaldehyde[17a] as electrophilic substrates have been pro-
posed as catalytically relevant species before.


As expected, the addition of triflate does not increase the
selectivity if the reaction itself is insensitive towards the
ligand/copper ratio, as is the case for the alkylation of
indole (4) with 5e (entries 5–7, Table 3). The enantioselec-
tivity obtained with the 4-nitro-derivative 5g at optimum re-
action conditions, that is, at a 2/copper ratio of 1.3, is like-
wise indiscernible from the result without additive. Howev-
er, if the disfavored ligand/metal ratio is applied for sub-
strate 5g, its detrimental influence vanishes after addition of
triflate, which leads in this case to the highest enantioselec-
tivities ever obtained for 6g, either by using bis- or tris(oxa-
zoline) ligands (entries 9–11).[12a] Lithium triflate seems to
act as a decoupling agent for the ligand/metal ratio by stabi-
lizing a pentacoordinated complex of type C, which is sup-
posed to be less susceptible to this effect.


Conclusion


We report that simple C2-symmetric bis(oxazoline) ligands,
especially azabis(oxazolines), can promote the copper(II)-
catalyzed Michael addition of indoles to a broad scope of
benzylidene malonates with up to >99% ee provided that
the ligand/metal ratio is tuned meticulously. Explicit atten-
tion has to be paid to the electronic parameters of the deriv-
atives. If comparatively electron-rich benzylidene malonates
are used, any excess of ligand has to be avoided to reach
high enantioselectivities, which is in contradiction to a
common paradigm in asymmetric catalysis that calls for an


excess of ligand to suppress a background reaction promot-
ed by metal centers in a ligand-free, that is, achiral environ-
ment.


In addition, we found that the sensitivity of enantioselec-
tivity towards ligand excess vanishes with decreasing induc-
tive contribution of the substituent. This trend is even re-
versed for strong electron acceptors, which require an excess
of ligand for maximum ee. A semi-logarithmic plot of opti-
cal yields at two different ligand/metal ratios versus the sI


values of the substituted benzylidene malonates results in a
sigmoid trajectory.


In the presence of an excess of triflate, the significance of
the ligand/metal ratio vanishes, giving rise to equal or even
superior enantioselectivities at any ligand/metal ratio em-
ployed.


Experimental Section


General methods : Reactions were carried out in Schlenk tube under a ni-
trogen atmosphere, unless otherwise stated. EtOH was dried by distilla-
tion over Mg and stored over molecular sieves 3 P. Diethylbenzylidene
malonates were synthesized by classical Aldol reaction conditions and
the crude products were distilled to obtain the pure compounds. Silica
gel 60 (Merck, 0.063–0.200 mm) was used for column purification. TLC
analysis was performed on silica gel 60 F254 (Merck) coated on alumi-
num sheets. 1H (300 MHz) and 13C NMR (75.5 MHz) spectra were re-
corded on a Bruker Avance 300 spectrometer in CDCl3 with CHCl3 (d=


7.27 ppm for 1H, d =77 ppm for 13C) as a standard. Mass spectrometry
(Finnigan ThermoQuest TSQ 7000) was done by the Central Analytical
Laboratory (Universit:t Regensburg). Optical rotations were measured
on a Perkin–Elmer 241 Polarimeter.


General procedure for the catalytic asymmetric Michael additions :
Ligand 2a (12.0 mg, 0.05 mmol) and Cu ACHTUNGTRENNUNG(OTf)2 (18.1 mg, 0.05 mmol) were
added to a Schlenk tube under air. Ethanol (2 mL) was added and the
mixture was stirred for 1 h at room temperature (20–25 8C). Malonate
(1 mmol, 1.0 equiv) in EtOH (2 mL) was added to the resulting blue–
green solution and stirring was continued for 20 min before the indole
(1.2 mmol, 1.2 equiv) was added. After stirring for 8 h at room tempera-
ture, the red-colored solution was concentrated under reduced pressure.


Figure 4. X-ray structure of [CuACHTUNGTRENNUNG(1b)ACHTUNGTRENNUNG(H2O)2]· ACHTUNGTRENNUNG(OTf)2
[17c] (left) and [Cu ACHTUNGTRENNUNG(1b)(Ph(CH)2 ACHTUNGTRENNUNG(CO2Me)2)]· ACHTUNGTRENNUNG(SbF6)2


[17d]


(right); non-coordinating counterions are omitted for clarity.
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The crude product was purified by column chromatography (performed
with hexanes/CH2Cl2 1:1, followed by CH2Cl2).


(S)-Ethyl-2-ethoxycarbonyl-3-(3-indolyl)-3-phenylpropanoate (6a): The
reaction was conducted according to the general procedure and the crude
product purified by column chromatography (performed with hexanes/
CH2Cl2 1:1, followed by CH2Cl2) to afford the pure product as a white
solid. M.p. 174–176 8C; [a]20


D =++65.4 (20 mg/2 mL in CH2Cl2);
1H NMR


(300 MHz, CDCl3): d =0.93–1.06 (m, 6H), 3.93–4.06 (m, 4H), 4.30 (d, J=


11.8 Hz, 1H), 5.09 (d, J=11.8 Hz, 1H), 7.00–7.07 (m, 1H), 7.09–7.31 (m,
6H), 7.37 (d, J=7.4 Hz, 2H), 7.56 (d, J=8.0 Hz, 1H), 8.07 ppm (br s,
1H); 13C NMR (75 MHz, CDCl3): d =168.1, 167.9, 141.4, 136.2, 128.4,
128.2, 126.8, 126.7, 122.3, 120.9, 119.5, 119.4, 117.0, 111.0, 61.5, 61.4, 58.4,
42.9, 13.8, 13.8 ppm; MS (CI): m/z (%): 383 (89) [M+NH4]


+ , 366 (3)
[M+H]+ , 206 (100), 178 (5); HPLC analysis (Chiralcel OD/OD-H, 10%
iPrOH/n-hexane, 0.5 mLmin�1, 254 nm; trACHTUNGTRENNUNG(minor)=26.67, tr (major)=


31.40 min): >99% ee.


(S)-Ethyl-2-ethoxycarbonyl-3-(3-indolyl)-3-(p-methylphenyl)propanoate
(6b): The reaction was conducted according to the general procedure
and the crude product was purified by column chromatography (per-
formed with hexanes/CH2Cl2 1:1, followed by CH2Cl2) to afford the pure
product as a white solid. M.p. 140–142 8C; [a]20


D =++26.7 (10 mg/2 mL in
CH2Cl2);


1H NMR (300 MHz, CDCl3): d=0.98 (t, J=7.1 Hz, 3H), 1.04 (t,
J=7.1 Hz, 3H), 2.24 (s, 3H), 3.94–4.05 (m, 4H), 4.27 (d, J=11.8 Hz,
1H), 5.04 (d, J=11.8 Hz, 1H), 6.99–7.06 (m, 3H), 7.08–7.18 (m, 2H),
7.22–7.31 (m, 3H), 7.55 (d, J=8.0 Hz, 1H), 7.99 ppm (br s, 1H);
13C NMR (75 MHz, CDCl3): d=168.1, 167.9, 138.4, 136.2, 136.2, 129.0,
128.0, 126.7, 122.2, 120.8, 119.5, 119.5, 117.3, 110.9, 61.4, 61.4, 58.4, 42.4,
21.0, 13.8, 13.8 ppm; MS (CI): m/z (%): 397 (73) [M+NH4]


+ , 379 (2), 220
(100), 178 (7); HPLC analysis (Chiralcel OD/OD-H, 10% iPrOH/n-
hexane, 0.5 mLmin�1, 254 nm; trACHTUNGTRENNUNG(major)=22.12, trACHTUNGTRENNUNG(minor)=25.47 min):
>94% ee.


(S)-Ethyl-2-ethoxycarbonyl-3-(3-indolyl)-3-(p-methyoxyphenyl)propa-
noate (6c): The reaction was conducted according to the general proce-
dure and the crude product was purified by column chromatography
(performed with hexanes/CH2Cl2 1:1, followed by CH2Cl2) to afford the
pure product as a white solid. M.p. 168–170 8C; [a]20


D =++53.3 (20 mg/
2 mL in CH2Cl2);


1H NMR (300 MHz, CDCl3): d=0.97–1.07 (m, 6H),
3.73 (s, 3H), 3.95–4.04 (m, 4H), 4.23 (d, J=11.7 Hz, 1H), 5.03 (d, J=


11.8 Hz, 1H), 6.73–6.78 (m, 2H), 6.98–7.31 (m, 6H), 7.52 (d, J=7.8 Hz,
1H), 8.01 ppm (br s, 1H); 13C NMR (75 MHz, CDCl3): d=167.9, 158.3,
136.3, 133.5, 129.2, 126.7, 122.3, 120.7, 119.5, 117.4, 113.7, 110.9, 61.4,
58.6, 55.3, 42.1, 13.8 ppm; MS (CI): m/z (%): 413 (31) [M+NH4]


+ , 395
(5), 236 (100), 178 (11); HPLC analysis (Chiralcel OD/OD-H, 10%
iPrOH/n-hexane, 0.5 mLmin�1, 254 nm; trACHTUNGTRENNUNG(minor)=48.38, trACHTUNGTRENNUNG(major)=


53.71 min): >84% ee.


(S)-Ethyl-2-ethoxycarbonyl-3-(3-indolyl)-3-(p-trifluoromethylphenyl)pro-
panoate (6d): The reaction was conducted according to the general pro-
cedure and the crude product was purified by column chromatography
(performed with hexanes/CH2Cl2 1:1, followed by CH2Cl2) to afford the
pure product as a white solid. M.p. 152–154 8C; [a]20


D =++15.2 (10 mg/
2 mL in CH2Cl2);


1H NMR (300 MHz, CDCl3): d=1.02 (m, 6H), 3.95–
4.05 (m, 4H), 4.29 (d, J=11.7 Hz, 1H), 5.14 (d, J=11.7 Hz, 1H), 7.01–
7.22 (m, 3H), 7.29–7.33 (m, 1H), 7.50–7.52 (m, 4H), 8.05 ppm (br s, 1H);
13C NMR (75 MHz, CDCl3): d=167.6, 167.5, 145.6, 136.2, 128.6, 126.4,
125.3, 122.6, 121.0, 119.1, 116.1, 111.1, 61.7, 61.6, 57.9, 42.5, 13.7 ppm; MS
(CI): m/z (%): 451 (100) [M+NH4]


+ , 433 (12), 274 (78), 178 (9); HPLC
analysis (Chiralcel OJ/OJ-H, 10% iPrOH/n-hexane, 0.5 mLmin�1,
254 nm; tr ACHTUNGTRENNUNG(minor)=40.78, trACHTUNGTRENNUNG(major)=47.98 min): >90% ee.


(S)-Ethyl-2-ethoxycarbonyl-3-(3-indolyl)-3-(o-bromophenyl)propanoate
(6e): The reaction was conducted according to the general procedure and
the crude product was purified by column chromatography (performed
with hexanes/CH2Cl2 1:1, followed by CH2Cl2) to afford the pure product
as a brown gummy solid. [a]20


D =++48.5 (20 mg/2 mL in CH2Cl2);
1H NMR


(300 MHz, CDCl3): d=0.96 (t, J=7.1 Hz, 3H), 1.03 (t, J=7.1 Hz, 3H),
3.92–4.07 (m, 4H), 4.37 (d, J=11.5 Hz, 1H), 5.64 (d, J=11.5 Hz, 1H),
6.97–7.31 (m, 5H), 7.41 (dd, J=8.0, 1.6 Hz, 1H), 7.53 (dd, J=8.0, 1.4 Hz,
1H), 7.72 (d, J=7.7 Hz, 1H), 8.08 ppm (br s, 1H); 13C NMR (75 MHz,
CDCl3): d =168.0, 167.7, 140.8, 136.1, 133.2, 129.1, 128.2, 127.6, 126.7,


124.9, 122.3, 122.2, 119.7, 115.6, 111.2, 61.6, 58.0, 41.8, 41.4, 14.1, 13.8,
13.7 ppm; MS (CI): m/z (%): 461 (100) [M+NH4]


+ , 444 (4) [M+H]+ , 284
(58), 206 (3), 178 (12); HPLC analysis (Chiralcel OD/OD-H, 10%
iPrOH/n-hexane, 0.5 mLmin�1, 254 nm; trACHTUNGTRENNUNG(minor)=24.30, trACHTUNGTRENNUNG(major)=


37.42 min): >85% ee.


(S)-Ethyl-2-ethoxycarbonyl-3-(3-indolyl)-3-(p-bromophenyl)propanoate
(6 f): The reaction was conducted according to the general procedure and
the crude product was purified by column chromatography (performed
with hexanes/CH2Cl2 1:1, followed by CH2Cl2) to afford the pure product
as a white solid. M.p. 148–150 8C; [a]20


D =++24.4 (20 mg/2 mL in CH2Cl2);
1H NMR (300 MHz, CDCl3): d=1.00 (t, J=7.1 Hz, 3H), 1.06 (t, J=


7.1 Hz, 3H), 4.02 (m, J=7.13 Hz, 4H), 4.24 (d, J=11.7 Hz, 1H), 5.04 (d,
J=11.7 Hz, 1H), 6.99–7.38 (m, 8H), 7.49 (d, J=7.9 Hz, 1H), 8.02 ppm
(br s, 1H); 13C NMR (75 MHz, CDCl3): d =167.7, 167.6, 140.5, 136.2,
131.4, 129.9, 126.5, 122.8, 120.6, 119.7, 119.2, 116.5, 111.0, 61.6, 58.0, 42.2,
13.8, 13.7 ppm; MS (CI): m/z (%): 461 [M+NH4]


+ , 66), 443 (9), 284
(100), 178 (7); HPLC analysis (Chiralcel OD/OD-H, 10% iPrOH/n-
hexane, 0.5 mLmin�1, 254 nm; trACHTUNGTRENNUNG(minor)=29.17, trACHTUNGTRENNUNG(major)=31.86 min):
>82% ee.


(S)-Ethyl-2-ethoxycarbonyl-3-(3-indolyl)-3-(p-nitrophenyl)propanoate
(6g): The reaction was conducted according to the general procedure and
the crude product was purified by column chromatography (performed
with hexanes/CH2Cl2 1:1, followed by CH2Cl2) to afford the pure product
as a yellow solid. M.p. 105–107 8C; [a]20


D =++8.3 (20 mg/2 mL in CH2Cl2);
1H NMR (300 MHz, CDCl3): d=1.01 (t, J=7.1 Hz, 3H), 1.07 (t, J=


7.1 Hz, 3H), 3.97–4.08 (m, 4H), 4.32 (d, J=11.8 Hz, 1H), 5.20 (d, J=


11.5 Hz, 1H), 7.05 (m, 1H), 7.16 (m, 1H), 7.21 (d, J=2.5 Hz, 1H), 7.32
(d, J=8.2 Hz, 1H), 7.47 (d, J=8.0 Hz, 1H), 7.55 (m, 2H), 8.10 (m, 2H),
8.15 ppm (br s, 1H); 13C NMR (75 MHz, CDCl3): d=167.5, 167.4, 149.3,
146.7, 136.2, 129.2, 126.3, 123.7, 122.7, 121.3, 119.9, 118.9, 115.4, 111.3,
61.8, 57.7, 42.5, 13.9, 13.8 ppm; MS (CI): m/z (%): 428 (100) [M+NH4]


+ ,
410 (2), 398 (7), 251 (25), 221 (22), 178 (11); HPLC analysis (Chiralcel
AS, 15% iPrOH/n-hexane, 0.5 mLmin�1, 254 nm; trACHTUNGTRENNUNG(minor)=29.13,
tr ACHTUNGTRENNUNG(major)=39.83 min): >96% ee.
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Half-Sandwich Bis(tetramethylaluminate) Complexes of the Rare-Earth
Metals: Synthesis, Structural Chemistry, and Performance in Isoprene
Polymerization
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Reiner Anwander*[a]


Introduction


Bis ACHTUNGTRENNUNG(alkyl) complexes of the type [LnIII(Do)(L)R2] bearing a
monoanionic ancillary ligand (L�) (R=CH2SiMe3, CH2Ph


R’;
Do=neutral donor ligand) have proved to be extremely ver-
satile catalyst precursors in organolanthanide-promoted
polymerization reactions.[1–5] In particular, Hou and Okuda
noted a remarkable performance of these discrete com-


plexes in catalytic polymerizations of styrene and 1,3-diene
following cationization with borate activators.[1b,e, f, g,2e,4a] Piv-
otal structure–reactivity relationships revealed specific ef-
fects of the LnIII cation size and the nature of the ancillary
ligand (L�) on the performance in polymerization, including
activity, efficiency, living character, and polymer stereoregu-
larity.[1b,2e,4a, 6] For example, the cationic complex [Y-
ACHTUNGTRENNUNG(CH2SiMe3)(C5Me4SiMe3)ACHTUNGTRENNUNG(thf)][B ACHTUNGTRENNUNG(C6F5)4] has been reported
to act as a highly efficient initiator for the syndiospecific
polymerization of styrene (>99% syndio ; Mw/Mn=1.39),


[1b]


while it showed only poor selectivity in the polymerization
of isoprene (66% 3,4-; Mw/Mn=1.06).[6] On the other hand,
complexes [Ln ACHTUNGTRENNUNG(CH2SiMe3)ACHTUNGTRENNUNG(PNP


Ph) ACHTUNGTRENNUNG(thf)2][B ACHTUNGTRENNUNG(C6F5)4] (PNP
Ph=


[{2-(Ph2P)C6H4}2N]; Ln=Sc, Y, Lu) bearing an amido ancil-
lary ligand afforded high cis-1,4 selectivity and “livingness”
in the polymerization of isoprene in the absence of any alu-
minum additive (>99% cis-1,4; Mw/Mn=1.05).[4a]


Abstract: The protonolysis reaction of
[Ln ACHTUNGTRENNUNG(AlMe4)3] with various substituted
cyclopentadienyl derivatives HCpR


gives access to a series of half-sandwich
complexes [Ln ACHTUNGTRENNUNG(AlMe4)2ACHTUNGTRENNUNG(Cp


R)]. Where-
as bis(tetramethylaluminate) com-
plexes with [1,3-(Me3Si)2C5H3] and
[C5Me4SiMe3] ancillary ligands form
easily at ambient temperature for the
entire LnIII cation size range (Ln=Lu,
Y, Sm, Nd, La), exchange with the less
reactive [1,2,4-(Me3C)3C5H3] was only
obtained at elevated temperatures and
for the larger metal centers Sm, Nd,
and La. X-ray structure analyses of
seven representative complexes of the
type [Ln ACHTUNGTRENNUNG(AlMe4)2ACHTUNGTRENNUNG(Cp


R)] reveal a simi-
lar distinct [AlMe4] coordination (one
h2, one bent h2). Treatment with


Me2AlCl leads to [AlMe4] ! [Cl] ex-
change and, depending on the Al/Ln
ratio and the CpR ligand, varying
amounts of partially and fully ex-
changed products [{Ln ACHTUNGTRENNUNG(AlMe4) ACHTUNGTRENNUNG(m-Cl)-
ACHTUNGTRENNUNG(CpR)}2] and [{Ln ACHTUNGTRENNUNG(m-Cl)2ACHTUNGTRENNUNG(Cp


R)}n], re-
spectively, have been identified. Com-
plexes [{Y ACHTUNGTRENNUNG(AlMe4) ACHTUNGTRENNUNG(m-
Cl)(C5Me4SiMe3)}2] and [{Nd ACHTUNGTRENNUNG(AlMe4)-
ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG{1,2,4- ACHTUNGTRENNUNG(Me3C)3C5H2}}2] have been
characterized by X-ray structure analy-
sis. All of the chlorinated half-sandwich
complexes are inactive in isoprene
polymerization. However, activation of


the complexes [Ln ACHTUNGTRENNUNG(AlMe4)2ACHTUNGTRENNUNG(Cp
R)] with


boron-containing cocatalysts, such as
[Ph3C][B ACHTUNGTRENNUNG(C6F5)4], [PhNMe2H][B-
ACHTUNGTRENNUNG(C6F5)4], or B ACHTUNGTRENNUNG(C6F5)3, produces initia-
tors for the fabrication of trans-1,4-
polyisoprene. The choice of rare-earth
metal cation size, CpR ancillary ligand,
and type of boron cocatalyst crucially
affects the polymerization perfor-
mance, including activity, catalyst effi-
ciency, living character, and polymer
stereoregularity. The highest stereose-
lectivities were observed for the preca-
talyst/cocatalyst systems [La-
ACHTUNGTRENNUNG(AlMe4)2(C5Me4SiMe3)]/B ACHTUNGTRENNUNG(C6F5)3
(trans-1,4 content: 95.6%, Mw/Mn=


1.26) and [La ACHTUNGTRENNUNG(AlMe4)2ACHTUNGTRENNUNG(C5Me5)]/B-
ACHTUNGTRENNUNG(C6F5)3 (trans-1,4 content: 99.5%, Mw/
Mn=1.18).
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We have recently introduced half-sandwich bis(tetrame-
thylaluminate) rare-earth metal complexes of the type [LnIII-
ACHTUNGTRENNUNG(AlMe4)2(L)] (L=C5Me5) as alternative bis(hydrocarbyl) de-
rivatives.[7,8] The reactivity pattern of such alkylaluminate
complexes is consistent with their formulation as “alkyls in
disguise”, that is, [LnIIIACHTUNGTRENNUNG(AlMe3)2Me2(L)]. Their most striking
features are: a) availability for the entire LnIII cation size
range;[9] b) accessibility by versatile synthesis protocols com-
prising both protonolysis and salt metathesis ap-
proaches;[7,8,10] c) enhanced thermal stability (e.g., [Ln-
ACHTUNGTRENNUNG(AlMe4)2ACHTUNGTRENNUNG(C5Me5)] may be sublimed) and hence suitability
for storage;[11] d) coordinational flexibility of the [AlMe4] li-
gands, as evidenced by h1/2/3 coordination modes;[9,12–14] e) an
absence of coordinating donor molecules (Do);[15] and f) the
presence of AlMe3 as an internal solvent scavenger.[16]


Moreover, our previous work highlighted the pivotal role of
heterobimetallic [Ln ACHTUNGTRENNUNG(m-R)nAl] moieties in the activation of
rare-earth metal-based Ziegler-type catalysts.[17–20] Based on
these mechanistic insights and the favorable chemical and
structural features of alkylaluminate ligands, we set out to
develop a bis(tetramethylaluminate) postmetallocene li-
brary, considering carbocyclic (e.g., cyclopentadienyl),[7,8]


heterocyclic (e.g., phosphacyclopentadienyl),[10] N-donor
(e.g., amido),[13,21] as well as O-donor (e.g., alkoxo) ancillary
ligands L (Figure 1).[20] The aim of creating this postmetallo-
cene library is to gain a fundamental understanding of ancil-
lary ligand and cocatalyst effects, and hence to elucidate the
structure–reactivity relationships in non-metallocene poly-
merization catalysis.


Recently, we reported the remarkable potential of [Ln-
ACHTUNGTRENNUNG(AlMe4)2ACHTUNGTRENNUNG(C5Me5)] to initiate the living trans-1,4 stereospecif-
ic polymerization of isoprene (trans-1,4 selectivity up to
99.5%), and hence the fabrication of synthetic gutta-
percha.[22] Herein, we present a more comprehensive ac-
count of the synthesis and structural chemistry of half-sand-
wich complexes [LnACHTUNGTRENNUNG(AlMe4)2ACHTUNGTRENNUNG(Cp


R)] containing various sub-
stituted cyclopentadienyl ancillary ligands.[23] Special empha-
sis is placed on their catalytic performance in the polymeri-


zation of isoprene, considering precatalyst–cocatalyst inter-
actions and structure–reactivity relationships.


Results and Discussion


Synthesis and structural chemistry of half-sandwich bis(te-
tramethylaluminate) complexes [Ln ACHTUNGTRENNUNG(AlMe4)2ACHTUNGTRENNUNG(Cp


R)]: Proto-
nolysis of homoleptic [LnACHTUNGTRENNUNG(AlMe4)3] complexes (Ln=Lu
(1a), Y (1b), Sm (1c), Nd (1d), and La (1e))[9] with one
equivalent of substituted HCpR (CpR= [1,3-(Me3Si)2C5H3]


[24]


and [C5Me4SiMe3]) in hexane at ambient temperature yield-
ed the corresponding bis(tetramethylaluminate) complexes
[Ln ACHTUNGTRENNUNG(AlMe4)2ACHTUNGTRENNUNG(Cp


R)] (2 and 3) in quantitative yields
(Scheme 1).[25] Instant gas evolution evidenced the anticipat-
ed methane elimination reaction, and hence the immediate
acid-base reaction of [Ln ACHTUNGTRENNUNG(AlMe4)3] and the respective substi-
tuted cyclopentadiene. (CAUTION: volatiles containing tri-
methylaluminum react violently when exposed to air).


Attempts to prepare half-sandwich derivatives containing
the sterically demanding and electronically deactivated
[1,2,4-(Me3C)3C5H2] ligand by the same procedure were un-
successful.[26] However, heating [Ln ACHTUNGTRENNUNG(AlMe4)3] (Ln=Sm (1c),
Nd (1d), La (1e)) with one equivalent of [1,2,4-
(Me3C)3C5H3] in toluene at 100 8C for 24 h resulted in the
formation of [Ln ACHTUNGTRENNUNG(AlMe4)2ACHTUNGTRENNUNG{1,2,4-ACHTUNGTRENNUNG(Me3C)3C5H2}] (4) in good
yields (Scheme 1). Nevertheless, the availability of com-
plexes 4 bearing such bulky cyclopentadienyl ligands seems
to be limited to the large lanthanide metal centers (Ln=Sm,
Nd, La). It is noteworthy that the formation of [Sm-
ACHTUNGTRENNUNG(AlMe4)2ACHTUNGTRENNUNG{1,2,4-ACHTUNGTRENNUNG(Me3C)3C5H2}] (4c) is accompanied by the
precipitation of an insoluble purple solid. Characterization
of this precipitate revealed it to be peralkylated divalent
[SmAl2Me8]n.


[27] Donor adduct formation in the presence of
THF yielded [SmAl2Me8ACHTUNGTRENNUNG(thf)2], further substantiating the
reduction of the samarium metal center (SmIII ! SmII).[28]


However, the observed reactivity has not been investigated
further.


Figure 1. Rare-earth metal-based bis(tetraalkylaluminate) postmetallo-
cene library.


Scheme 1. Synthesis of [Ln ACHTUNGTRENNUNG(AlMe4)2ACHTUNGTRENNUNG(Cp
R)]: i) hexane, 5 h, RT, (Ln=Lu,


CpR= [1,3-(Me3Si)2C5H3] (2a); Ln=Y, CpR= [1,3-(Me3Si)2C5H3] (2b);
Ln=Sm, CpR= [1,3-(Me3Si)2C5H3] (2c); Ln=Nd, CpR= [1,3-
(Me3Si)2C5H3] (2d); Ln=La, CpR= [1,3-(Me3Si)2C5H3] (2e); Ln=Lu,
CpR= [C5Me4SiMe3] (3a); Ln=Y, CpR= [C5Me4SiMe3] (3b); Ln=Sm,
CpR= [C5Me4SiMe3] (3c); Ln=Nd, CpR= [C5Me4SiMe3] (3d); Ln=La,
CpR= [C5Me4SiMe3] (3e)); ii) toluene, 24 h, 100 8C (Ln=Sm, CpR=


[1,2,4-(Me3C)3C5H2] (4c); Ln=Nd, CpR= [1,2,4-(Me3C)3C5H2] (4d); Ln=


La, CpR= [1,2,4-(Me3C)3C5H2] (4e)).


Chem. Eur. J. 2008, 14, 7266 – 7277 P 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 7267


FULL PAPER



www.chemeurj.org





The 1H NMR spectra of diamagnetic mono(cyclopenta-
dienyl) complexes 2–4 (Ln=Lu, Y, La) show the expected
sets of signals for the respective CpR ligands and only one
narrow signal in the metal alkyl region, which can be as-
signed to the [Al ACHTUNGTRENNUNG(m-Me)2Me2] moieties, indicating a rapid
exchange of bridging and terminal methyl groups. For com-
pounds 2 and 3, these resonances are slightly shifted to
higher field compared to those of the homoleptic precur-
sors,[9] while a downfield shift is observed for compound 4e
(Table 1). A signal splitting of the 1H methyl resonance in
yttrium compounds 2b (2JYH=2.4 Hz) and 3b (2JYH=


2.0 Hz) is clearly attributable to a two-bond 1H-89Y scalar
coupling.
Good quality 1H and 13C NMR spectra could also be ob-


tained for the paramagnetic compounds [Sm ACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG(Cp
R)]


(2c, 3c, 4c) and [Nd ACHTUNGTRENNUNG(AlMe4)2ACHTUNGTRENNUNG(Cp
R)] (2d, 3d, 4d). The para-


magnetic LnIII metal centers influence the 1H and 13C NMR
spectra differently, probably due to the varying relaxation
behavior of their unpaired electron spins. Significant para-
magnetic shifts and broadening effects for the 1H and 13C
resonances are observed for complexes containing neodymi-


um, while such effects are less pronounced for the respective
samarium compounds (Table 1).
Single crystals of [Ln ACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG{1,3-ACHTUNGTRENNUNG(Me3Si)2C5H3}] (Ln=


Lu (2a), Y (2b), Nd (2d)), [YACHTUNGTRENNUNG(AlMe4)2(C5Me4SiMe3)] (3b),
and [Ln ACHTUNGTRENNUNG(AlMe4)2ACHTUNGTRENNUNG{1,2,4-ACHTUNGTRENNUNG(Me3C)3C5H2}] (Ln=Sm (4c), Nd
(4d), La (4e)) suitable for X-ray crystallographic structure
determination were grown from saturated hexane solutions
at �30 8C. This series covers the differently substituted cy-
clopentadienyl ligands as well as a wide size range of LnIII


cations, thus allowing an insight into the ligand- and size-de-
pendent characteristics of complexes [LnACHTUNGTRENNUNG(AlMe4)2ACHTUNGTRENNUNG(Cp


R)] in
the solid state. The X-ray crystallographic analyses revealed
structural motifs as previously found for [Ln ACHTUNGTRENNUNG(AlMe4)2-
ACHTUNGTRENNUNG(C5Me5)] (Ln=Lu (5a), Y (5b), La (5e)), with one [AlMe4]
ligand coordinating in the routinely observed planar h2 fash-
ion and the second one showing a bent h2-coordination (Fig-
ures 2 and 3).[7,8,11]


All of the solid-state struc-
tures under investigation fea-
ture an additional short Ln··· ACHTUNGTRENNUNG(m-
Me) contact (Ln···C3, 2 ;
Ln···C7, 3 and 4). Due to en-
hanced steric unsaturation, this
interaction becomes more dis-
tinct with increasing size of the
lanthanide metal center, as is
reflected in a gradual shorten-
ing of the (bond) distances
Ln···C3 (2, Table 2) and Ln···C7
(3 and 4, Table 3), respectively.
This effect is, however, less


pronounced for complexes 4, as
one might reasonably expect,
due to effective stereoelectronic


shielding by the bulky [1,2,4-(Me3C)3C5H2] ligand. Interpla-
nar angles LnC1C1’-Al1C1C1’ (2) and LnC5C6-Al2C5C6 (3,
4) follow similar trends (2a : 128.58, 2b : 124.58, 2d : 117.78 ;
3b : 121.08 ; 4c : 126.88, 4d : 125.88, 4e : 124.08). The Ln�C ACHTUNGTRENNUNG(m-
Me) bond lengths increase with increasing LnIII size, the
bonds in the bent [AlMe4] ligand being significantly elongat-
ed compared to those in the planar tetramethylaluminate
ligand of the same molecule (Tables 2 and 3). To minimize
steric hindrance, the orientation of the trimethylsilyl sub-
stituents at the cyclopentadienyl ring in compounds [Ln-
ACHTUNGTRENNUNG(AlMe4)2ACHTUNGTRENNUNG{1,3- ACHTUNGTRENNUNG(Me3Si)2C5H3}] (2) is nearly staggered with re-
spect to the two aluminate ligands (Figure 2). Due to the in-
creased steric crowding in complexes [LnACHTUNGTRENNUNG(AlMe4)2-
ACHTUNGTRENNUNG{1,2,4- ACHTUNGTRENNUNG(Me3C)3C5H2}] (4), the mean metal–ring-carbon dis-
tances Ln�C ACHTUNGTRENNUNG(1,2,4- ACHTUNGTRENNUNG(Me3C)3C5H2) are considerably elongated
compared to those in [Ln ACHTUNGTRENNUNG(AlMe4)2ACHTUNGTRENNUNG(C5Me5)] (5) (e.g., av.
2.807 U in 4e vs av. 2.777 U in 5e).[8] Steric repulsion leads


Table 1. 1H NMR chemical shifts (ppm) of the [Al ACHTUNGTRENNUNG(CH3)4] protons of tetramethylaluminate-containing com-
plexes. Values are taken from 1H NMR spectra of the respective compounds dissolved in [D6]benzene at
298 K.


Lu Y Sm Nd La


[Ln ACHTUNGTRENNUNG(AlMe4)3] (1)
[a] �0.08 �0.25 �3.06 10.53 �0.20


[Ln ACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG{1,3- ACHTUNGTRENNUNG(Me3Si)2C5H3}] (2) �0.14 �0.29 �2.81 6.78 �0.23
[Ln ACHTUNGTRENNUNG(AlMe4)2(C5Me4SiMe3)] (3) �0.14 �0.31 �3.14 5.25 �0.25
[Ln ACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG{1,2,4- ACHTUNGTRENNUNG(Me3C)3C5H2}] (4) – – �2.76 6.40 �0.12
[Ln ACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG(C5Me5)] (5)


[b] �0.18 �0.33 �3.27 4.21 �0.27
[{Ln ACHTUNGTRENNUNG(AlMe4) ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG{1,3- ACHTUNGTRENNUNG(Me3Si)2C5H3}}2] (6) – �0.11 – – –
[{Ln ACHTUNGTRENNUNG(AlMe4) ACHTUNGTRENNUNG(m-Cl)(C5Me4SiMe3)}2] (8) – �0.20 – – –
[{Ln ACHTUNGTRENNUNG(AlMe4) ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG{1,2,4- ACHTUNGTRENNUNG(Me3C)3C5H2}}2] (9) – – – 9.63 –
[{Ln ACHTUNGTRENNUNG(AlMe4) ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(C5Me5)}2]


[c] – �0.15 – – –
[La ACHTUNGTRENNUNG(AlMe4)ACHTUNGTRENNUNG(C5Me5)][B ACHTUNGTRENNUNG(C6F5)4]


[d] �0.39
[{[La ACHTUNGTRENNUNG(C5Me5) ACHTUNGTRENNUNG{(m-Me)2AlMe ACHTUNGTRENNUNG(C6F5)}] ACHTUNGTRENNUNG[Me2Al ACHTUNGTRENNUNG(C6F5)2]}2]


[d,e] �0.24, �0.37


[a] Taken from ref. [9]. [b] Taken from refs. [7, 8, and 29]. [c] Taken from ref. [14]. [d] Taken from ref. [22].
[e] Chemical shifts for the bridging and terminal methyl groups of the [(m-Me)2AlMe ACHTUNGTRENNUNG(C6F5)] moiety.


Figure 2. Molecular structure of [Lu ACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG{1,3- ACHTUNGTRENNUNG(Me3Si)2C5H3}] (2a),
representative of isostructural complexes 2 ; atomic displacement parame-
ters are set at the 50% level; hydrogen atoms have been omitted for
clarity; symmetry code for (’) is x, 3/2�y, z.
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to the orientation of the tBu groups in the apertures be-
tween the two aluminate ligands, resulting in a staggered
conformation (Figure 3 (bottom)). Nevertheless, the
1H NMR spectra of 4 at ambient temperature show resonan-
ces of only two inequivalent tBu groups due to ring rotation
of the CpR rings about their pseudo C5 axis.


Reactivity toward R2AlCl : Mono(cyclopentadienyl) com-
pounds [Ln ACHTUNGTRENNUNG(AlMe4)2ACHTUNGTRENNUNG(Cp


R)] (2–5) feature a distinct pre-or-
ganized set of bridged, heterobimetallic Ln/Al moieties.
Given the superb performance of Ln/Al heterobimetallic
complexes such as [Ln ACHTUNGTRENNUNG(AlMe4)3],


[18, 19]


[LnAl3Me8(O2CC6H2iPr3-2,4,6)4], and [Ln ACHTUNGTRENNUNG(AlMe3)n(OR)3]
(R=neopentyl, C6H3R’2-2,6 (R’= tBu, iPr)) as initiators for
the cis-1,4 stereospecific polymerization of isoprene follow-
ing activation with chloride donors such as Et2AlCl or
Ph3CCl,


[20] we investigated the catalytic potential of half-
sandwich complexes [LnACHTUNGTRENNUNG(AlMe4)2ACHTUNGTRENNUNG(Cp


R)]. Accordingly, the
initiating performance of [Ln ACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG(Cp


R)] (2–5) in the
polymerization of isoprene was examined in the presence of


one, two, and three equivalents of diethylaluminum chloride
Et2AlCl as a “weakly cationizing” cocatalyst.
Contrary to the reported high activities of binary catalyst


mixtures containing the above-mentioned non-cyclopenta-
dienyl Ln/Al heterobimetallic complexes and Et2AlCl, mix-
tures of 2–5 and Et2AlCl did not provide active catalysts for
the polymerization of isoprene. Treatment of [LnACHTUNGTRENNUNG(AlMe4)2-
ACHTUNGTRENNUNG(C5Me5)] (5) (Ln=Y, Nd, La) with varying amounts of
Me2AlCl has recently been reported to yield mixed tetrame-
thylaluminate/chloride compounds.[14] The extent of the
[AlMe4] ! [Cl] exchange and the nuclearity of the resulting
rare-earth metal complexes was found to be significantly af-
fected by subtle changes in the rare-earth metal cation size.
While alkyl/chloride interchange led to alkylated heterobi-
metallic half-sandwich [La6Al4] and [Nd5Al] cluster com-
pounds, chloro-bridged dimers [Y2Al2] were obtained for
the smaller yttrium metal center.
Addition of one equivalent of Me2AlCl to solutions of


half-sandwich complexes 2b, 3b, and 4d in hexane yielded
crystalline materials of the net composition [LnACHTUNGTRENNUNG(AlMe4)(Cl)-
ACHTUNGTRENNUNG(CpR)] (Ln=Y, CpR= [1,3-(Me3Si)2C5H3] (6); Ln=Y, CpR=


(C5Me4SiMe3) (8); and Ln=Nd, CpR= [1,2,4-(Me3C)3C5H2]
(9)) in low to moderate yields (Scheme 2).[30] Molar ratios of
Me2AlCl/2b >1.0 gave increasing amounts of an amorphous
white solid material identified as [{YCl2ACHTUNGTRENNUNG{1,3- ACHTUNGTRENNUNG(Me3Si)2C5H3}}n]
(7) (Scheme 2).[31]


Complete [AlMe4] ! [Cl] exchange in 7 could be con-
firmed by 1H and 13C NMR spectroscopy in [D6]benzene,
which showed only the signals of the CpR ligand. Examina-
tion of the hexane-soluble fractions, however, revealed mix-
tures of unreacted [YACHTUNGTRENNUNG(AlMe4)2ACHTUNGTRENNUNG{1,3- ACHTUNGTRENNUNG(Me3Si)2C5H3}] (2b) and


Figure 3. Molecular structures of [Y ACHTUNGTRENNUNG(AlMe4)2(C5Me4SiMe3)] (3b) (top)
and [La ACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG{1,2,4- ACHTUNGTRENNUNG(Me3C)3C5H2}] (4e) (bottom; representative of
isostructural complexes 4); atomic displacement parameters are set at the
50% level; hydrogen atoms have been omitted for clarity.


Table 2. Selected structural parameters [U, 8] for complexes 2a, 2b, and 2d
(Cg= ring centroid). Symmetry code for (’) depicts (x, 3/2�y, z).


2a (Lu) 2b (Y) 2d (Nd)


Ln�C ACHTUNGTRENNUNG(CpR) 2.580(2)–2.596(1) 2.620(3)–2.641(2) 2.713(2)–2.727(1)
Ln�Cg 2.29 2.34 2.44
Ln�C1/C1’ 2.563(1) 2.624(2) 2.731(2)
Ln�C4/C4’ 2.517(1) 2.560(2) 2.645(2)
Al1�C1/C1’ 2.069(1) 2.062(2) 2.057(2)
Al1�C2 1.959(2) 1.949(3) 1.957(2)
Al1�C3 1.974(2) 1.983(3) 2.012(2)
Al2�C4/C4’ 2.082(2) 2.085(2) 2.084(2)
Al2�C5 1.971(2) 1.969(3) 1.973(2)
Al2�C6 1.971(2) 1.964(3) 1.971(2)
Ln···Al1 2.9130(5) 2.9133(9) 2.9498(6)
Ln···Al2 3.0292(5) 3.078(1) 3.1722(6)
Ln···C3 3.492(2) 3.302(3) 3.088(2)
C1-Ln-C1’ 79.98(5) 78.2(1) 74.52(7)
C4-Ln-C4’ 84.45(5) 83.3(1) 80.53(6)
Ln-C1-Al1 77.13(4) 75.8(1) 74.57(5)
Ln-C4-Al2 81.80(4) 82.31(7) 83.35(5)
C1-Al1-C1’ 105.50(7) 106.8(1) 106.95(9)
C4-Al2-C4’ 108.73(6) 109.4(1) 110.25(8)
C1’-Al1-C2 106.55(5) 108.0(1) 111.35(6)
C1’-Al1-C3 108.09(5) 106.06(9) 104.56(6)
C4’-Al2-C5 105.73(5) 105.89(9) 106.05(6)
C4-Al2-C6 109.59(4) 109.12(9) 109.32(6)
Al1···Ln···Al2 114.58(1) 117.47(3) 123.36(2)
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[{Y ACHTUNGTRENNUNG(AlMe4) ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG{1,3- ACHTUNGTRENNUNG(Me3Si)2C5H3}}2] (6), irrespective of
the amount of Me2AlCl used.
X-ray structure analyses of compounds 8 and 9 revealed


dimeric complexes [{Y ACHTUNGTRENNUNG(AlMe4) ACHTUNGTRENNUNG(m-Cl)(C5Me4SiMe3)}2]
(Figure 4, top) and [{Nd ACHTUNGTRENNUNG(AlMe4) ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG{1,2,4- ACHTUNGTRENNUNG(Me3C)3C5H2}}2]
(Figure 4, bottom) with formally heptacoordinate lanthanide
metal centers and a rare combination of homometal-bridg-
ing chloride ligands and h2-coordinated aluminate ligands.


The average Y�C ACHTUNGTRENNUNG(m-Me) bond
length of 2.551 U in 8 appears
slightly elongated compared to
that of the h2-coordinated alu-
minate ligand of the respective
precursor compound (av.
2.525 U (3b)) and is significant-
ly longer than similar bonds in
homoleptic [YACHTUNGTRENNUNG(AlMe4)3] (av.
2.508 U (1b), Table 4).[32] The
solid-state structure of complex
9 revealed a slightly bent alumi-
nate ligand (interplanar angle
NdC1C2-Al1C1C2 26.1(14)8,
Nd···C3 4.075(3) U) and an
average Nd�C ACHTUNGTRENNUNG(m-Me) bond dis-
tance of 2.637 U (Table 4). For
comparison, the Nd�C ACHTUNGTRENNUNG(m-Me)
aluminate bond lengths range
from 2.639 U (h2) to 2.740 U
(bent h2) in precursor com-
pound 4d and average 2.592 U
in homoleptic [NdACHTUNGTRENNUNG(AlMe4)3]
(1d).[32] The Ln�Cl bond distan-
ces (av. 2.693 U (8); av. 2.794 U
(9)) are comparable to the cor-
responding bond lengths of the
bridging chloro ligands in di-
meric [{Y ACHTUNGTRENNUNG(AlMe4)ACHTUNGTRENNUNG(m-Cl)-
ACHTUNGTRENNUNG(C5Me5)}2] (av. 2.6752 U) and
the [m2-Cl] bridges in the penta-
nuclear neo-
dymium cluster [Nd5ACHTUNGTRENNUNG(m4-Cl)(m3-
Cl)2ACHTUNGTRENNUNG(m2-Cl)6 ACHTUNGTRENNUNG(C5Me5)5 ACHTUNGTRENNUNG{(m-Me)3-
AlMe}] (2.775 U).[14]


Mixed tetramethylaluminate/
chloride complexes 6, 8, and 9
are sparingly soluble in hydro-
carbon solvents but readily dis-
solve in aromatic solvents. The
1H NMR spectra of diamagnetic
6 and 8 in [D6]benzene feature
sets of signals due to the re-
spective CpR ligands and the
[AlMe4] moiety, which are
slightly shifted to lower field
compared with those of the pre-
cursor compounds 2b and 3b
(Table 1), albeit with the same


two-bond 1H-89Y scalar couplings of 2JYH=2.4 Hz (6) and
2JYH=2.0 Hz (7). The observed downfield shift is in accord-
ance with a comparatively weakened coordination of the
[AlMe4] ligands to the rare-earth metal center and is some-
what contrary to an anticipated cationization of complexes
[Ln ACHTUNGTRENNUNG(AlMe4)2ACHTUNGTRENNUNG(Cp


R)] by dialkylaluminum chlorides (cationiza-
tion of [Ln ACHTUNGTRENNUNG(AlMe4)2ACHTUNGTRENNUNG(Cp


R)] by borate or borane activators
results in upfield shifts in accordance with a stronger ligand


Table 3. Selected structural parameters [U, 8] for complexes 3b, 4c, 4d, and 4e (Cg= ring centroid).


3b (Y) 4c (Sm) 4d (Nd) 4e (La)


Ln�CACHTUNGTRENNUNG(CpR) 2.610(3)–2.695(3) 2.668(1)–2.748(1) 2.694(2)–2.768(2) 2.769(1)–2.838(1)
Ln�Cg 2.35 2.42 2.45 2.53
Ln�C1 2.530(3) 2.603(1) 2.626(2) 2.694(1)
Ln�C2 2.520(3) 2.618(1) 2.652(2) 2.716(1)
Ln�C5 2.680(3) 2.722(2) 2.748(2) 2.797(1)
Ln�C6 2.669(3) 2.672(2) 2.732(2) 2.790(2)
Al1�C1 2.063(3) 2.069(2) 2.067(2) 2.069(2)
Al1�C2 2.081(3) 2.070(2) 2.067(3) 2.061(2)
Al1�C3 1.983(4) 1.970(2) 1.960(3) 1.961(2)
Al1�C4 1.976(4) 1.969(2) 1.973(2) 1.975(2)
Al2�C5 2.054(3) 2.069(2) 2.059(2) 2.065(2)
Al2�C6 2.061(3) 2.075(2) 2.070(3) 2.067(2)
Al2�C7 1.982(4) 1.988(2) 1.994(3) 2.000(2)
Al2�C8 1.952(4) 1.954(2) 1.956(2) 1.959(2)
Ln···Al1 3.099(1) 3.1664(4) 3.1951(6) 3.2652(4)
Ln···Al2 2.929(1) 2.9855(4) 3.0035(6) 3.0494(4)
Ln···C7 3.297(4) 3.377(2) 3.326(3) 3.293(2)
C1-Ln-C2 83.16(11) 80.39(5) 79.40(7) 77.50(5)
C5-Ln-C6 76.31(10) 77.43(5) 76.30(7) 74.54(5)
Ln-C1-Al1 84.20(11) 84.51(5) 84.93(6) 85.49(4)
Ln-C2-Al1 84.09(11) 84.12(5) 84.27(8) 85.05(5)
Ln-C5-Al2 75.16(10) 75.73(4) 75.84(6) 76.03(4)
Ln-C6-Al2 75.32(10) 76.81(5) 76.03(7) 76.15(7)
C1-Al1-C2 108.0(1) 108.95(6) 109.26(8) 110.13(6)
C5-Al2-C6 106.8(1) 108.97(6) 110.12(9) 109.95(6)
C1-Al1-C3 108.2(2) 105.32(8) 104.2(1) 104.35(7)
C1-Al1-C4 109.2(2) 110.97(8) 111.4(1) 110.84(8)
C5-Al2-C7 107.8(2) 104.96(8) 105.1(1) 104.56(7)
C5-Al2-C8 109.9(2) 110.36(7) 110.2(1) 111.19(8)
Al1···Ln···Al2 110.25(3) 113.45(1) 115.04(2) 115.44(1)


Scheme 2. Synthesis of [Ln ACHTUNGTRENNUNG(AlMe4) ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(Cp
R)]2 (Ln=Y, CpR= [1,3-(Me3Si)2C5H3] (6); Ln=Y, CpR=


(C5Me4SiMe3) (8); Ln=Nd, CpR= [1,2,4-(Me3C)3C5H2] (9)) and [YCl2 ACHTUNGTRENNUNG(Cp
R)]n (Cp


R= [1,3-(Me3Si)2C5H3], n>1)
(7).
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coordination to the electron-deficient rare-earth metal
cation, Table 1). Significant paramagnetic shifts and broad-
ening effects were observed in the 1H NMR spectrum of the
neodymium complex 9.


Contrary to the cluster formation observed for reactions
of [Ln ACHTUNGTRENNUNG(AlMe4)2ACHTUNGTRENNUNG(C5Me5)] (5) (Ln=Nd, La) with Me2AlCl,


[14]


well-defined dimeric compounds [{Ln ACHTUNGTRENNUNG(AlMe4) ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(Cp
R)}2]


were exclusively found for CpR= [1,3-(Me3Si)2C5H3],
[C5Me4SiMe3], and [1,2,4-(Me3C)3C5H2], even for the large
neodymium metal center in 9. Such dinuclear compounds
are formed in mixtures of 2–4 with Et2AlCl as sterically and
electronically saturated systems without catalytic activity
toward isoprene polymerization.


Polymerization of isoprene : We recently reported new ini-
tiators for the controlled polymerization of isoprene based
on half-sandwich complexes [LnACHTUNGTRENNUNG(AlMe4)2ACHTUNGTRENNUNG(C5Me5)] (5) and
fluorinated borate and borane reagents as cationizing
agents.[22] Remarkably, such mixtures yielded polyisoprene
with a very high trans-1,4 content. Catalyst activities and se-
lectivities showed a strong dependence on the size of the
rare-earth metal cation and the nature of the boron cocata-
lyst. Half-sandwich complexes 2–4 were therefore employed
as precatalysts in the polymerization of isoprene. The poly-
merization results are summarized in Table 5, along with
data for catalysts based on [LnACHTUNGTRENNUNG(AlMe4)2ACHTUNGTRENNUNG(C5Me5)] (5) taken
from a previous study, which was performed under similar
conditions (see Experimental Section).[22]


Effect of the metal center : For a systematic investigation of
the effect of the rare-earth metal on catalytic activities and
catalyst selectivity, yttrium and lanthanum were selected
representing one of the smaller and the largest rare-earth
metal center for half-sandwich complexes 2 (Table 5, en-
tries 1–6) and 3 (Table 5, entries 7–12). Due to the unavaila-
bility of complexes 4 for the smaller rare-earth metal cen-
ters, the neodymium and lanthanum derivatives 4d and 4e
were chosen (Table 5, entries 13–18). All precatalysts under
investigation showed extremely high activities upon cationi-
zation with [Ph3C][B ACHTUNGTRENNUNG(C6F5)4] (A) or [PhNMe2H][B ACHTUNGTRENNUNG(C6F5)4]
(B) as activators. No significant effect of the size of the
metal cation on the catalytic activity was observed.
The activities obtained for catalyst systems activated by


B ACHTUNGTRENNUNG(C6F5)3 (C) were comparatively low, and were also only
marginally affected by the LnIII size. While the effect of the
metal on the catalytic activity is less pronounced, the choice
of metal center significantly affects the selectivity of the cat-
alyst. In a previous study, we showed that the lanthanum
half-sandwich complexes [La ACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG(C5Me5)] (5e) greatly
outperform their corresponding yttrium and neodymium
congeners 5b and 5d, respectively (Table 5, runs 19–27).[22]


Similar effects have now been observed for complexes 2, 3,
and 4. The trans-selectivity increases remarkably with in-
creasing size of the rare-earth metal cation (La @ Y:
Table 5, runs 4–6, 10–12, 16–18, 25–27).


Effect of the substituted cyclopentadienyl ancillary ligand :
Quantitative polymer formation was observed in all experi-
ments, irrespective of the substitution pattern on the cyclo-
pentadienyl ancillary ligand (CpR). No effect of the steric
bulk of the ligands on catalytic activity could be discerned.


Figure 4. Molecular structures of 8 (top) and 9 (bottom) (atomic displace-
ment parameters are set at the 50% level). Hydrogen atoms have been
omitted for clarity. Symmetry code for (’) depicts (�x+1, �y, �z+1) for
8 and (�x+1, �y+1, �z+2) for 9.


Table 4. Selected structural parameters [U, 8] for complexes 8 and 9
(Cg= ring centroid). Symmetry code for (’) is (�x+1, �y, �z+1) for 8
and (�x+1, �y+1, �z+2) for 9).


8 (Y) 9 (Nd)


Ln�CACHTUNGTRENNUNG(CpR) 2.566(1)–2.645(1) 2.690(2)–2.762(2)
Ln�Cg 2.30 2.44
Ln�C1 2.558(2) 2.620(2)
Ln�C2 2.543(2) 2.653(2)
Ln�Cl1/Cl1’ 2.6803(4)/2.7061(4) 2.7807(6)/2.8077(6)
Al1�C1 2.074(2) 2.078(2)
Al1�C2 2.073(2) 2.067(2)
Al1�C3 1.968(2) 1.970(3)
Al1�C4 1.969(2) 1.967(3)
Ln···Al1 3.0992(5) 3.1646(7)
C1-Ln-C2 82.93(6) 79.23(7)
Ln-C1-Al1 83.30(6) 83.84(8)
Ln-C2-Al1 83.67(2) 83.22(8)
Ln-Cl1-Ln’ 102.12(1) 106.27(2)
C1-Al1-C2 109.06(7) 108.42(10)
C1-Al1-C3 109.00(9) 105.52(11)
C1-Al1-C4 105.46(9) 107.55(12)
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Little correlation between the degree of steric shielding and
the observed stereospecificities was noted. Rather, the ste-
reospecificity seems to be affected by the electronic proper-
ties of the CpR ligand and its propensity to undergo degra-
dation reactions ([C5Me5] ! [C5Me4SiMe3] < [1,2,4-
(Me3C)3C5H2] ! [1,3-(Me3Si)2C5H3]). These findings are in
good agreement with the stabilities of cationic species gener-
ated in mixtures [LnACHTUNGTRENNUNG(AlMe4)2ACHTUNGTRENNUNG(Cp


R)]/borate or [LnACHTUNGTRENNUNG(AlMe4)2-
ACHTUNGTRENNUNG(CpR)]/B ACHTUNGTRENNUNG(C6F5)3 as monitored by


1H NMR experiments. The
cation stability significantly decreases in the series [C5Me5]
@ [C5Me4SiMe3] > [1,2,4-(Me3C)3C5H2] @ [1,3-
(Me3Si)2C5H3]), which is manifested in extensive ancillary
ligand degradation for cationic complexes containing the
latter two substituted cyclopentadienyl ligands.


Effect of the boron cocatalyst : As previously reported for
[Ln ACHTUNGTRENNUNG(AlMe4)2ACHTUNGTRENNUNG(C5Me5)] (5),


[22] the reactions of [Ln ACHTUNGTRENNUNG(AlMe4)2-
ACHTUNGTRENNUNG(CpR)] (2–4) with one equivalent of [Ph3C][B ACHTUNGTRENNUNG(C6F5)4] (A) or
[PhNMe2H][B ACHTUNGTRENNUNG(C6F5)4] (B) yield tight ion pairs [Ln ACHTUNGTRENNUNG(AlMe4)-
ACHTUNGTRENNUNG(CpR)][B ACHTUNGTRENNUNG(C6F5)4] (9).


1H NMR spectroscopy clearly indicat-
ed instant disappearance of the signals of 2–4. Upon reac-
tion with [Ph3C][B ACHTUNGTRENNUNG(C6F5)4], quantitative formation of
Ph3CMe and one equivalent AlMe3 was observed, while the
reaction with [PhNMe2H][B ACHTUNGTRENNUNG(C6F5)4] was accompanied by
quantitative formation of PhNMe2 and one equivalent each
of AlMe3 and CH4. New signals due to the respective Cp


R li-
gands appeared, with slight upfield shifts in accordance with


stronger coordination to the highly electron-deficient lantha-
nide cation. The use of [Ph3C][B ACHTUNGTRENNUNG(C6F5)4] and [PhNMe2H][B-
ACHTUNGTRENNUNG(C6F5)4] as activators for [(Cp


R)Ln ACHTUNGTRENNUNG(AlMe4)2] led to extreme-
ly high activity in the polymerization reactions. The activi-
ties of 68 kgmol�1h�1 are twofold higher than those men-
tioned in the literature for similar trans-specific polymeri-
zations.[33–35] However, the trans-1,4 content in the resulting
polyisoprene did not exceed 88%, even for catalyst systems
based on the large lanthanum metal center (Table 5, runs 4/
5, 10/11, 16/17, 25/26). In accordance with a different activa-
tion mechanism, the use of B ACHTUNGTRENNUNG(C6F5)3 (C) as an activator for
complexes [LnACHTUNGTRENNUNG(AlMe4)2ACHTUNGTRENNUNG(Cp


R)] resulted in the formation of a
catalytically active species with a markedly different perfor-
mance. Active species formed in mixtures of [LnACHTUNGTRENNUNG(AlMe4)2-
ACHTUNGTRENNUNG(CpR)]/B ACHTUNGTRENNUNG(C6F5)3


[36] polymerized isoprene with comparatively
low activities but with a high to very high trans-1,4 content
and very narrow molecular weight distributions (Table 5).
The highest trans-1,4 selectivities were observed with the
large rare-earth metal center lanthanum, especially for pre-
catalysts [La ACHTUNGTRENNUNG(AlMe4)2(C5Me4SiMe3)] (3e ; trans-1,4 content:
95.6%, Mw/Mn=1.26) and [La ACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG(C5Me5)] (5e ; trans-
1,4 content: 99.5%, Mw/Mn=1.18) (Table 5, runs 12 and 27;
Figure 5).


Table 5. Effect of Ln size, Cp substituent, and cocatalyst on the polymerization of isoprene.


Entry[a] Precatalyst Cocatalyst[b] Yield Structure[c] Mn
[d] Mw/Mn Efficiency[e]


[%] trans-1,4- cis-1,4- 3,4- ACHTUNGTRENNUNG(W 105) [%]


1 [Y ACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG{1,3- ACHTUNGTRENNUNG(Me3Si)2C5H3}] (2b) A >99 9.0 60.0 31.0 1.9 2.18 0.35
2 [Y ACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG{1,3- ACHTUNGTRENNUNG(Me3Si)2C5H3}] (2b) B >99 4.0 63.0 33.0 1.2 1.77 0.57
3 [Y ACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG{1,3- ACHTUNGTRENNUNG(Me3Si)2C5H3}] (2b) C >99 40.0 52.0 8.0 2.7 1.74 2.57
4 [LaACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG{1,3- ACHTUNGTRENNUNG(Me3Si)2C5H3}] (2e) A >99 80.3 14.5 5.2 0.6 1.28 1.12
5 [LaACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG{1,3- ACHTUNGTRENNUNG(Me3Si)2C5H3}] (2e) B >99 79.4 15.3 5.3 0.6 1.22 1.15
6 [LaACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG{1,3- ACHTUNGTRENNUNG(Me3Si)2C5H3}] (2e) C >99 89.3 – 10.7 3.3 1.52 0.21
7 [Y ACHTUNGTRENNUNG(AlMe4)2(C5Me4SiMe3)] (3b) A >99 26.4 38.1 35.5 0.1 20.41 5.59
8 [Y ACHTUNGTRENNUNG(AlMe4)2(C5Me4SiMe3)] (3b) B >99 34.6 38.3 27.1 0.3 1.74 2.11
9 [Y ACHTUNGTRENNUNG(AlMe4)2(C5Me4SiMe3)] (3b) C >99 80.8 3.4 15.8 0.5 1.73 1.42
10 [LaACHTUNGTRENNUNG(AlMe4)2(C5Me4SiMe3)] (3e) A >99 81.4 3.4 15.2 0.9 1.45 0.79
11 [LaACHTUNGTRENNUNG(AlMe4)2(C5Me4SiMe3)] (3e) B >99 87.7 10.5 1.8 0.6 1.20 1.20
12 [LaACHTUNGTRENNUNG(AlMe4)2(C5Me4SiMe3)] (3e) C >99 95.6 2.2 2.2 2.0 1.26 0.34
13 [NdACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG{1,2,4- ACHTUNGTRENNUNG(Me3C)3C5H2}] (4d) A >99 21.2 45.5 33.5 0.8 1.67 0.83
14 [NdACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG{1,2,4- ACHTUNGTRENNUNG(Me3C)3C5H2}] (4d) B >99 19.0 53.0 28.0 0.9 1.25 0.80
15 [NdACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG{1,2,4- ACHTUNGTRENNUNG(Me3C)3C5H2}] (4d) C >99 56.0 31.0 13.0 0.5 1.50 1.37
16 [LaACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG{1,2,4- ACHTUNGTRENNUNG(Me3C)3C5H2}] (4e) A >99 60.0 20.0 20.0 0.8 1.41 0.82
17 [LaACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG{1,2,4- ACHTUNGTRENNUNG(Me3C)3C5H2}] (4e) B >99 50.0 30.0 20.0 0.8 1.22 0.91
18 [LaACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG{1,2,4- ACHTUNGTRENNUNG(Me3C)3C5H2}] (4e) C >99 90.0 6.0 4.0 1.1 1.41 0.60
19 [Y ACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG(C5Me5)] (5b) A >99 20.6 60.5 18.9 0.2 8.95 3.98
20 [Y ACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG(C5Me5)] (5b) B >99 28.7 43.5 27.8 0.6 1.59 1.06
21 [Y ACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG(C5Me5)] (5b) C >99 93.6 1.9 4.5 0.9 1.78 0.82
22 [NdACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG(C5Me5)] (5d) A >99 69.7 14.0 16.3 0.3 2.87 2.11
23 [NdACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG(C5Me5)] (5d) B >99 79.9 6.9 13.2 0.4 1.16 1.73
24 [NdACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG(C5Me5)] (5d) C >99 92.4 3.8 3.8 1.3 1.35 0.52
25 [LaACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG(C5Me5)] (5e) A >99 87.0 3.5 9.5 0.7 1.28 1.98
26 [LaACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG(C5Me5)] (5e) B >99 79.5 3.4 17.1 0.6 1.22 1.08
27 [LaACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG(C5Me5)] (5e) C >99 99.5 – 0.5 2.4 1.18 0.28


[a] Conditions: 0.02 mmol precatalyst, [Ln]/ ACHTUNGTRENNUNG[cocat]=1:1, 8 mL toluene, 20 mmol isoprene, 24 h, 40 8C. [b] Cocatalyst: A= [Ph3C][B ACHTUNGTRENNUNG(C6F5)4], B=


[PhNMe2H][B ACHTUNGTRENNUNG(C6F5)4], C=B ACHTUNGTRENNUNG(C6F5)3; the catalyst was preformed for 20 min at 40 8C. [c] Determined by
1H and 13C NMR spectroscopy in CDCl3. [d] De-


termined by means of size-exclusion chromatography (SEC) against polystyrene standards. [e] Initiation efficiency=Mn(calculated)/Mn ACHTUNGTRENNUNG(measured).
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Conclusion


The “aluminate route” offers a viable synthesis protocol for
generating a series of donor-solvent-free half-sandwich com-
plexes [Ln ACHTUNGTRENNUNG(AlMe4)2ACHTUNGTRENNUNG(Cp


R)] bearing cyclopentadienyl ligands
with various stereoelectronic properties. X-ray structure
analyses covering [LnACHTUNGTRENNUNG(AlMe4)2ACHTUNGTRENNUNG(Cp


R)] compounds with dif-
ferently substituted cyclopentadienyl ligands, as well as a
wide size range of LnIII cations, have revealed similar struc-
tural motifs irrespective of the CpR ancillary ligand and the
size of the rare-earth metal cation involved. All of the solid-
state structures feature one h2-coordinating planar [AlMe4]
ligand, whereas the second such ligand shows a bent h2-coor-
dination mode, allowing for an additional short Ln··· ACHTUNGTRENNUNG(m-Me)
contact. These half-sandwich bis(tetramethylaluminate)
complexes showed no catalytic activity in the polymerization
of isoprene upon addition of one, two, or three equivalents
of dialkylaluminum chloride reagents. Instead, mixtures of
[Ln ACHTUNGTRENNUNG(AlMe4)2ACHTUNGTRENNUNG(Cp


R)]/Me2AlCl yielded discrete dimeric mixed
tetramethylaluminate/chloride complexes [{LnACHTUNGTRENNUNG(AlMe4)ACHTUNGTRENNUNG(m-
Cl) ACHTUNGTRENNUNG(CpR)}2] and higher agglomerated fully exchanged deriva-
tives [{Ln ACHTUNGTRENNUNG(m-Cl)2 ACHTUNGTRENNUNG(Cp


R)}n]. However, catalytically active sys-
tems were obtained when fluorinated borate and borane re-
agents were applied as cocatalysts. Systematic investigations
of the effects of metal cation size, the substituents on the cy-
clopentadiene ligand, and cocatalyst interactions (borate vs.
borane) have revealed: a) good (for systems activated with
B ACHTUNGTRENNUNG(C6F5)3) to excellent catalytic activities for [Ln ACHTUNGTRENNUNG(AlMe4)2-
ACHTUNGTRENNUNG(CpR)] activated by borate cocatalysts [Ph3C][B ACHTUNGTRENNUNG(C6F5)4] or
[PhNMe2H][B ACHTUNGTRENNUNG(C6F5)4], b) increased trans-1,4 selectivity with
increasing size of the rare-earth metal cation (Y < Nd !


La), c) increased trans-1,4 selectivity with enhanced chemical
“innocence” and stability of the CpR ligand ([1,3-(Me3Si)2C5H3]
! [1,2,4-(Me3C)3C5H2] < [C5Me4SiMe3] ! [C5Me5]). The
highest stereoselectivities were observed for the precatalyst/
cocatalyst systems [La ACHTUNGTRENNUNG(AlMe4)2(C5Me4SiMe3)]/B ACHTUNGTRENNUNG(C6F5)3
(trans-1,4 content: 95.6%, Mw/Mn=1.26) and [La ACHTUNGTRENNUNG(AlMe4)2-
ACHTUNGTRENNUNG(C5Me5)]/B ACHTUNGTRENNUNG(C6F5)3 (trans-1,4 content: 99.5%, Mw/Mn=1.18).


Experimental Section


General remarks : All operations were
performed with rigorous exclusion of
air and water, using standard Schlenk,
high-vacuum, and glovebox techniques
(MBraun MBLab; <1 ppm O2,
<1 ppm H2O). Hexane and toluene
were purified by using Grubbs col-
umns (MBraun SPS, solvent purifica-
tion system) and were stored in a glo-
vebox. [D6]Benzene was obtained
from Aldrich, degassed, dried over Na
for 24 h, and filtered. C5HMe4SiMe3,
AlMe3, and Me2AlCl were purchased
from Aldrich and were used as re-
ceived. [Ph3C][B ACHTUNGTRENNUNG(C6F5)4], [PhNMe2H]
[B ACHTUNGTRENNUNG(C6F5)4], and [B ACHTUNGTRENNUNG(C6F5)3] were pur-
chased from Boulder Scientific Com-
pany and were used without further
purification. Homoleptic [Ln ACHTUNGTRENNUNG(AlMe4)3]
(1) (Ln=Lu, Y, Sm, Nd, La),[9] [1,3-
(Me3Si)2C5H4],


[24] [1,2,4-
(Me3C)3C5H3],


[26] and [Ln ACHTUNGTRENNUNG(AlMe4)2ACHTUNGTRENNUNG(C5Me5)] (5) (Ln=Y, Nd, La)[8] were
synthesized according to literature methods. Isoprene was obtained from
Aldrich, dried several times over activated 3 U molecular sieves, and dis-
tilled prior to use. The NMR spectra of air- and moisture-sensitive com-
pounds were recorded at 25 8C on a Bruker BIOSPIN AV500 (5 mm
BBO, 1H: 500.13 Hz; 13C: 125.77 MHz) or a Bruker BIOSPIN AV600
(5 mm cryo probe, 1H: 600.13 MHz; 13C: 150.91 MHz) with samples in J.
Young valve NMR tubes. 1H and 13C shifts are referenced to internal sol-
vent resonances and are reported in parts per million relative to TMS. IR
spectra were recorded on a NICOLET Impact 410 FTIR spectrometer
from samples in Nujol mulls sandwiched between CsI plates. Elemental
analyses were performed on an Elementar Vario EL III. The molar
masses (MW/Mn) of the polymers were determined by size-exclusion chro-
matography (SEC). Sample solutions (1.0 mg polymer per mL THF)
were filtered through a 0.2 mm syringe filter prior to injection. SEC was
operated with a pump supplied by Waters (Waters 510), employing Ultra-
styragelY columns with pore sizes of 500, 1000, 10000, and 100000 U. Sig-
nals were detected by means of a differential refractometer (Waters 410)
and calibrated against polystyrene standards (MW/Mn <1.15). The flow
rate was 1.0 mLmin�1. The microstructure of the polyisoprenes was ex-
amined by means of 1H and 13C NMR experiments on the AV500 spec-
trometer at ambient temperature, using [D]chloroform as solvent and
TMS as internal standard.


General procedure for the preparation of [Ln ACHTUNGTRENNUNG(AlMe4)2-
ACHTUNGTRENNUNG{1,3- ACHTUNGTRENNUNG(Me3Si)2C5H3}] (2) and [Ln ACHTUNGTRENNUNG(AlMe4)2(C5Me4SiMe3)] (3): In a glove-
box, [Ln ACHTUNGTRENNUNG(AlMe4)3] (1) was dissolved in hexane (2 mL), and then a solu-
tion of either [1,3-(Me3Si)2C5H4] (1 equiv) or (C5HMe4SiMe3) (1 equiv) in
hexane (2 mL) was added to the alkylaluminate solution under vigorous
stirring. Upon the addition, instant gas formation was observed. After
the reaction mixture had been stirred for a further 5 h at ambient temper-
ature, the solvent was removed in vacuo to give 2 or 3 as crystalline
solids. Crystallization from a solution in hexane at �35 8C gave high
yields of single crystals of 2 or 3 suitable for X-ray diffraction analysis.


[Lu ACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG{1,3- ACHTUNGTRENNUNG(Me3Si)2C5H3}] (2a): Following the procedure described
above, [Lu ACHTUNGTRENNUNG(AlMe4)3] (1a) (227 mg, 0.52 mmol) and [1,3-(Me3Si)2C5H4]
(109 mg, 0.52 mmol) yielded 2a (145 mg, 0.26 mmol, 50%) as colorless
crystals. 1H NMR (500 MHz, [D6]benzene, 25 8C): d=6.53 (d, 3J=1.5 Hz,
1H; CpH), 6.53 (s, 1H; CpH), 6.52 (d, 3J=1.5 Hz, 1H; CpH), 0.17 (s,
18H; Si ACHTUNGTRENNUNG(CH3)3), �0.14 ppm (s, 24H; Al ACHTUNGTRENNUNG(CH3)4);


13C NMR (126 MHz,
[D6]benzene, 25 8C): d=125.7, 118.4, 114.8 (Cp), 1.5 (br s; Al ACHTUNGTRENNUNG(CH3)4),
0.2 ppm (Si ACHTUNGTRENNUNG(CH3)3); IR (Nujol): ñ =1463 (vs, Nujol), 1375 (vs, Nujol),
1318 (w), 1303 (w), 1251 (s), 1204 (m), 1194 (m), 1080 (s), 925 (s), 837
(s), 759 (m), 723 (s), 692 (m), 640 (w), 578 (m), 567 cm�1 (w); elemental
analysis calcd (%) for C19H45Al2Si2Lu (558.67): C 40.85, H 8.12; found: C
41.03, H 7.94.


Figure 5. Representation of the trans-1,4-, cis-1,4-, and 3,4-contents of the polyisoprenes obtained from
[La ACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG(Cp


R)] (2e, 3e, 4e, and 5e) and cocatalysts A, B, and C.
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[Y ACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG{1,3- ACHTUNGTRENNUNG(Me3Si)2C5H3}] (2b): Following the procedure described
above, [Y ACHTUNGTRENNUNG(AlMe4)3] (1b) (350 mg, 1.00 mmol) and [1,3-(Me3Si)2C5H4]
(211 mg, 1.00 mmol) yielded 2b (463 mg, 0.98 mmol, 98%) as colorless
crystals. 1H NMR (600 MHz, [D6]benzene, 25 8C): d=6.62 (d, 3J=1.5 Hz,
1H; CpH), 6.62 (s, 1H; CpH), 6.61 (d, 3J=1.5 Hz, 1H; CpH), 0.17 (s,
18H; Si ACHTUNGTRENNUNG(CH3)3), �0.29 ppm (d, 2JYH=2.4 Hz, 24H; Al ACHTUNGTRENNUNG(CH3)4);


13C{1H}
NMR (151 MHz, [D6]benzene, 25 8C): d=129.4, 129.3, 126.9 (Cp), 0.2 (Si-
ACHTUNGTRENNUNG(CH3)3), 0.0 ppm (br s; Al ACHTUNGTRENNUNG(CH3)4); IR (Nujol): ñ=1458 (vs, Nujol), 1375
(vs, Nujol), 1328 (w), 1251 (s), 1204 (m), 1194 (m), 1080 (s), 925 (s), 837
(s), 759 (m), 723 (s), 697 (s), 655 (m), 578 (m), 567 cm�1 (w); elemental
analysis calcd (%) for C19H45Al2Si2Y (472.61): C 48.29, H 9.60; found: C
48.35, H 9.67.


[Sm ACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG{1,3- ACHTUNGTRENNUNG(Me3Si)2C5H3}] (2c): Following the procedure described
above, [Sm ACHTUNGTRENNUNG(AlMe4)3] (1c) (299 mg, 0.73 mmol) and [1,3-(Me3Si)2C5H4]
(153 mg, 0.73 mmol) yielded 2c (355 mg, 0.66 mmol, 91%) as dark-red
crystals. 1H NMR (500 MHz, [D6]benzene, 25 8C): d=�0.76 (br s, 2H;
CpH), �0.96 (s, 18H; Si ACHTUNGTRENNUNG(CH3)3), �1.40 (s, 1H; CpH), �2.81 ppm (s, 24H;
Al ACHTUNGTRENNUNG(CH3)4);


13C NMR (126 MHz, [D6]benzene, 25 8C): d=125.6, 120.8,
115.1 (Cp), �1.6 (Si ACHTUNGTRENNUNG(CH3)3), �20.1 ppm (br s; Al ACHTUNGTRENNUNG(CH3)4); IR (Nujol): ñ=


1458 (vs, Nujol), 1375 (vs, Nujol), 1318 (w), 1256 (s), 1214 (m), 1183 (m),
1090 (s), 925 (s), 837 (s), 759 (m), 723 (s), 686 (s), 645 (m), 629 (m), 583
(m), 541 (w), 516 cm�1 (w); elemental analysis calcd (%) for
C19H45Al2Si2Sm (534.06): C 42.73, H 8.49; found: C 42.61, H 8.54.


[Nd ACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG{1,3- ACHTUNGTRENNUNG(Me3Si)2C5H3}] (2d): Following the procedure described
above, [Nd ACHTUNGTRENNUNG(AlMe4)3] (1d) (252 mg, 0.62 mmol) and [1,3-(Me3Si)2C5H4]
(131 mg, 0.62 mmol) yielded 2d (295 mg, 0.56 mmol, 90%) as blue crys-
tals. 1H NMR (500 MHz, [D6]benzene, 25 8C): d=6.78 (br s, 24H; Al-
ACHTUNGTRENNUNG(CH3)4), 5.40 (br s, 2H; CpH), 4.98 (br s, 1H; CpH), �3.94 ppm (s, 18H;
Si ACHTUNGTRENNUNG(CH3)3);


13C NMR (126 MHz, [D6]benzene, 25 8C): d=245.6 (br s; Al-
ACHTUNGTRENNUNG(CH3)4), 215.1, 213.0, 128.9 (Cp), 4.49 ppm (SiACHTUNGTRENNUNG(CH3)3); IR (Nujol): ñ =


1463 (vs, Nujol), 1379 (vs, Nujol), 1317 (w), 1254 (s), 1219 (m), 1179 (m),
1081 (s), 917 (s), 837 (s), 757 (m), 726 (s), 686 (s), 642 (m), 584 (m), 544
(w), 513 cm�1 (w); elemental analysis calcd (%) for C19H45Al2Si2Nd
(527.94): C 43.23, H 8.59; found: C 43.17, H 8.49.


[La ACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG{1,3- ACHTUNGTRENNUNG(Me3Si)2C5H3}] (2e): Following the procedure described
above, [LaACHTUNGTRENNUNG(AlMe4)3] (1e) (256 mg, 0.64 mmol) and [1,3-(Me3Si)2C5H4]
(135 mg, 0.64 mmol) yielded 2e (328 mg, 0.63 mmol, 98%) as colorless
crystals. 1H NMR (500 MHz, [D6]benzene, 25 8C): d=6.78 (d, 3J=1.5 Hz,
1H; CpH), 6.77 (s, 1H; CpH), 6.77 (d, 3J=1.5 Hz, 1H; CpH), 0.17 (s,
18H; SiACHTUNGTRENNUNG(CH3)3), �0.23 ppm (s, 24H; Al ACHTUNGTRENNUNG(CH3)4); 13C{1H} NMR (126 MHz,
[D6]benzene, 25 8C): d=133.1, 131.9, 129.1 (Cp), 2.3 (br s; Al ACHTUNGTRENNUNG(CH3)4),
0.3 ppm (Si ACHTUNGTRENNUNG(CH3)3); IR (Nujol): ñ =1459 (vs, Nujol), 1374 (vs, Nujol),
1321 (w), 1254 (s), 1214 (m), 1192 (m), 1077 (s), 917 (s), 837 (s), 757 (m),
722 (s), 682 (s), 638 (m), 589 (m), 536 (w), 513 cm�1 (w); elemental analy-
sis calcd (%) for C19H45Al2Si2La (522.61): C 43.67, H 8.68; found: C
43.94, H 8.46.


[Lu ACHTUNGTRENNUNG(AlMe4)2(C5Me4SiMe3)] (3a): Following the procedure described
above, [Lu ACHTUNGTRENNUNG(AlMe4)3] (1a) (214 mg, 0.49 mmol) and [C5HMe4SiMe3]
(95 mg, 0.49 mmol) yielded 3a (255 mg, 0.47 mmol, 95%) as colorless
crystals. 1H NMR (500 MHz, [D6]benzene, 25 8C): d =1.99 (s, 6H; CH3),
1.75 (s, 6H; CH3), 0.22 (s, 9H; Si ACHTUNGTRENNUNG(CH3)3), �0.14 ppm (s, 24H; Al ACHTUNGTRENNUNG(CH3)4);
13C{1H} NMR (126 MHz, [D6]benzene, 25 8C): d=130.1, 126.5, 117.5
(Cp), 14.8 (CH3), 12.0 (CH3), 2.2 (Si ACHTUNGTRENNUNG(CH3)3), 1.7 ppm (br s, Al ACHTUNGTRENNUNG(CH3)4); IR
(Nujol): ñ=1461 (vs, Nujol), 1378 (vs, Nujol), 1323 (m), 1256 (s), 1234
(w), 1212 (w), 1019 (w), 842 (s), 765 (m), 726 (s), 704 (s), 638 (w), 583
(m), 555 cm�1 (w); elemental analysis calcd (%) for C20H45Al2SiLu
(542.60): C 44.27, H 8.36; found: C 43.87, H 8.26.


[Y ACHTUNGTRENNUNG(AlMe4)2(C5Me4SiMe3)] (3b): Following the procedure described
above, [Y ACHTUNGTRENNUNG(AlMe4)3] (1b) (217 mg, 0.62 mmol) and [C5HMe4SiMe3]
(121 mg, 0.62 mmol) yielded 3b (277 mg, 0.61 mmol, 98%) as colorless
crystals. 1H NMR (500 MHz, [D6]benzene, 25 8C): d =2.00 (s, 6H; CH3),
1.75 (s, 6H; CH3), 0.23 (s, 9H; Si ACHTUNGTRENNUNG(CH3)3), �0.31 ppm (d, 2JYH=2.0 Hz,
24H; Al ACHTUNGTRENNUNG(CH3)4);


13C{1H} NMR (126 MHz, [D6]benzene, 25 8C): d =131.3,
128.3, 118.8 (Cp), 14.8 (CH3), 11.9 (CH3), 2.0 (SiACHTUNGTRENNUNG(CH3)3), 0.1 ppm (br s;
Al ACHTUNGTRENNUNG(CH3)4); IR (Nujol): ñ=1465 (vs, Nujol), 1375 (vs, Nujol), 1328 (m),
1254 (s), 1233 (w), 1222 (w), 1196 (m), 1133 (w), 1085 (w), 1022 (w), 974
(w), 837 (s), 764 (m), 716 (s), 637 (w), 595 (m), 516 cm�1 (w); elemental


analysis calcd (%) for C20H45Al2SiY (456.53): C 52.62, H 9.94; found: C
52.93, H 9.67.


[Sm ACHTUNGTRENNUNG(AlMe4)2(C5Me4SiMe3)] (3c): Following the procedure described
above, [SmACHTUNGTRENNUNG(AlMe4)3] (1c) (305 mg, 0.74 mmol) and [C5HMe4SiMe3]
(144 mg, 0.74 mmol) yielded 3c (357 mg, 0.69 mmol, 93%) as dark-red
crystals. 1H NMR (500 MHz, [D6]benzene, 25 8C): d =2.69 (s, 6H; CH3),
�0.15 (s, 6H; CH3), �0.66 (s, 9H; Si ACHTUNGTRENNUNG(CH3)3), �3.14 ppm (s, 24H; Al-
ACHTUNGTRENNUNG(CH3)4);


13C{1H} NMR (126 MHz, [D6]benzene, 25 8C): d=129.5, 122.3,
110.4 (Cp), 21.8 (CH3), 15.2 (CH3), 0.4 (Si ACHTUNGTRENNUNG(CH3)3), �20.9 ppm (br s; Al-
ACHTUNGTRENNUNG(CH3)4); IR (Nujol): ñ=1462 (vs, Nujol), 1383 (vs, Nujol), 1328 (m), 1256
(s), 1190 (m), 1030 (w), 964 (w), 842 (s), 765 (m), 732 (s), 583 (m), 555
(w), 517 cm�1 (w); elemental analysis calcd (%) for C20H45Al2SiSm
(517.99): C 46.38, H 8.76; found: C 46.43, H 8.87.


[Nd ACHTUNGTRENNUNG(AlMe4)2(C5Me4SiMe3)] (3d): Following the procedure described
above, [Nd ACHTUNGTRENNUNG(AlMe4)3] (1d) (410 mg, 1.01 mmol) and [C5HMe4SiMe3]
(196 mg, 1.01 mmol) yielded 3d (389 mg, 0.76 mmol, 75%) as dark-blue
crystals. 1H NMR (500 MHz, [D6]benzene, 25 8C): d =14.74 (s, 6H; CH3),
8.86 (s, 6H; CH3), 5.25 (br s, 24H; Al ACHTUNGTRENNUNG(CH3)4), �3.09 ppm (s, 9H; Si-
ACHTUNGTRENNUNG(CH3)3);


13C{1H} NMR (126 MHz, [D6]benzene, 25 8C): d=240.1 (Cp),
236.3 (br s; Al ACHTUNGTRENNUNG(CH3)4), 131.5 (Cp), 8.99 (Si ACHTUNGTRENNUNG(CH3)3), �10.9 (CH3),
�20.6 ppm (CH3); IR (Nujol): ñ=1453 (vs, Nujol), 1375 (vs, Nujol), 1328
(m), 1251 (s), 1199 (m), 1018 (w), 976 (w), 842 (s), 764 (m), 728 (s), 702
(s), 629 (w), 588 (m), 526 cm�1 (w); elemental analysis calcd (%) for
C20H45Al2SiNd (511.87): C 46.93, H 8.86; found: C 46.59, H 8.47.


[La ACHTUNGTRENNUNG(AlMe4)2(C5Me4SiMe3)] (3e): Following the procedure described
above, [La ACHTUNGTRENNUNG(AlMe4)3] (1e) (184 mg, 0.46 mmol) and [C5HMe4SiMe3]
(89 mg, 0.46 mmol) yielded 3e (228 mg, 0.45 mmol, 98%) as colorless
crystals. 1H NMR (500 MHz, [D6]benzene, 25 8C): d =2.08 (s, 6H; CH3),
1.79 (s, 6H; CH3), 0.23 (s, 9H; Si ACHTUNGTRENNUNG(CH3)3), �0.25 ppm (s, 24H; Al ACHTUNGTRENNUNG(CH3)4);
13C{1H} NMR (126 MHz, [D6]benzene, 25 8C): d=134.0, 130.2, 122.8
(Cp), 15.0 (CH3), 11.8 (CH3), 2.4 (br s; Al ACHTUNGTRENNUNG(CH3)4), 2.2 ppm (Si ACHTUNGTRENNUNG(CH3)3); IR
(Nujol): ñ=1468 (vs, Nujol), 1375 (vs, Nujol), 1323 (m), 1256 (s), 1214
(w), 1194 (m), 1126 (w), 1028 (w), 966 (w), 842 (s), 759 (m), 733 (s), 702
(s), 629 (w), 593 (m), 547 (w), 521 cm�1 (w); elemental analysis calcd (%)
for C20H45Al2SiLa (506.54): C 47.42, H 8.95; found: C 47.90, H 8.67.


General procedure for the preparation of [Ln ACHTUNGTRENNUNG(AlMe4)2-
ACHTUNGTRENNUNG{1,2,4- ACHTUNGTRENNUNG(Me3C)3C5H2}] (4): In a glovebox, [Ln ACHTUNGTRENNUNG(AlMe4)3] (1) was dissolved
in toluene (2 mL), and then a solution of [1,2,4-(Me3C)3C5H3] (1 equiv)
in toluene (2 mL) was added to the alkylaluminate solution. The reaction
mixture was transferred to a pressure tube and stirred for 24 h at 100 8C.
Upon cooling, the solvent was removed in vacuo to give compounds 4 as
waxy solids. Crystallization from a solution in hexane at �35 8C gave
good yields of single crystals of 4 suitable for X-ray diffraction analysis.


[Sm ACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG{1,2,4- ACHTUNGTRENNUNG(Me3C)3C5H2}] (4c): Following the procedure de-
scribed above, [Sm ACHTUNGTRENNUNG(AlMe4)3] (1c) (371 mg, 0.90 mmol) and [1,2,4-
(Me3C)3C5H3] (211 mg, 0.90 mmol) yielded 4c (401 mg, 0.72 mmol, 80%)
as red crystals. 1H NMR (600 MHz, [D6]benzene, 25 8C): d=11.39 (br s,
2H; CpH), 0.93 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 0.22 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), �2.76 (br s,
24H; Al ACHTUNGTRENNUNG(CH3)4);


13C{1H} NMR (151 MHz, [D6]benzene, 25 8C): d =136.6,
134.5, 112.2 (Cp), 37.7 (CACHTUNGTRENNUNG(CH3)3), 35.9 (C ACHTUNGTRENNUNG(CH3)3), 31.6 (C ACHTUNGTRENNUNG(CH3)3),
28.7 ppm (CACHTUNGTRENNUNG(CH3)3); IR (Nujol): ñ=1461 (vs, Nujol), 1372 (vs, Nujol),
1306 (w), 1234 (m), 1185 (m), 1024 (w), 1002 (w), 953 (w), 842 (m), 815
(w), 699 (s), 588 (m), 555 (m), 511 cm�1 (w); elemental analysis calcd
(%) for C25H53Al2Sm (558.02): C 53.81, H 9.57; found: C 54.12, H 9.91.


[Nd ACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG{1,2,4- ACHTUNGTRENNUNG(Me3C)3C5H2}] (4d): Following the procedure de-
scribed above, [Nd ACHTUNGTRENNUNG(AlMe4)3] (1d) (304 mg, 0.75 mmol) and [1,2,4-
(Me3C)3C5H3] (176 mg, 0.75 mmol) yielded 4d (265 mg, 0.48 mmol, 64%)
as blue crystals. 1H NMR (600 MHz, [D6]benzene, 25 8C): d =6.40 (br s,
24H; Al ACHTUNGTRENNUNG(CH3)4), 4.26 (br s, 2H; CpH), �0.81 (s, 18H; C ACHTUNGTRENNUNG(CH3)3),
�1.03 ppm (s, 9H; C ACHTUNGTRENNUNG(CH3)3);


13C{1H} NMR (151 MHz, [D6]benzene,
25 8C): d=282.6, 263.0 (Cp), 239.5 (br s; Al ACHTUNGTRENNUNG(CH3)4), 235.9 (Cp), 55.0, 53.2
(C ACHTUNGTRENNUNG(CH3)3), 7.3, 6.5 ppm (C ACHTUNGTRENNUNG(CH3)3); IR (Nujol): ñ =1468 (vs, Nujol), 1375
(vs, Nujol), 1303 (w), 1235 (m), 1194 (m), 1163 (w), 1002 (w), 956 (w),
837 (m), 723 (s), 692 (s), 583 (m), 547 (m), 510 cm�1 (w); elemental anal-
ysis calcd (%) for C25H53Al2Nd (551.90): C 54.41, H 9.68; found: C 54.44,
H 9.84.


[La ACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG{1,2,4- ACHTUNGTRENNUNG(Me3C)3C5H2}] (4e): Following the procedure de-
scribed above, [La ACHTUNGTRENNUNG(AlMe4)3] (1e) (424 mg, 1.06 mmol) and [1,2,4-
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(Me3C)3C5H3] (249 mg, 1.06 mmol) yielded 4e (359 mg, 0.66 mmol, 62%)
as colorless crystals. 1H NMR (600 MHz, [D6]benzene, 25 8C): d=6.28 (s,
2H; CpH), 1.31 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 1.15 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), �0.12 ppm (s,
24H; Al ACHTUNGTRENNUNG(CH3)4);


13C{1H} NMR (151 MHz, [D6]benzene, 25 8C): d =144.4,
142.7, 116.9 (Cp), 34.5 (C ACHTUNGTRENNUNG(CH3)3), 33.9 (C ACHTUNGTRENNUNG(CH3)3), 33.3 (C ACHTUNGTRENNUNG(CH3)3), 31.8
(C ACHTUNGTRENNUNG(CH3)3), 3.2 ppm (br s; Al ACHTUNGTRENNUNG(CH3)4); IR (Nujol): ñ =1466 (vs, Nujol),
1378 (vs, Nujol), 1300 (w), 1245 (m), 1196 (m), 1168 (w), 1030 (w), 1002
(w), 958 (w), 914 (w), 892 (w), 837 (m), 721 (s), 699 (s), 577 (m), 550 (m),
511 cm�1 (w); elemental analysis calcd (%) for C25H53Al2La (546.57): C
54.94, H 9.77; found: C 54.72, H 9.96.


[{Y ACHTUNGTRENNUNG(AlMe4)ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG{1,3- ACHTUNGTRENNUNG(Me3Si)2C5H3}}2] (6): In a glovebox, [Y ACHTUNGTRENNUNG(AlMe4)2-
ACHTUNGTRENNUNG{1,3- ACHTUNGTRENNUNG(Me3Si)2C5H3}] (2b) (85 mg, 0.18 mmol) was dissolved in hexane
(3 mL) and Me2AlCl (180 mL, 0.18 mmol) was added. The reaction mix-
ture was stirred for 5 min and then cooled to �35 8C. Colorless single
crystals of 6 (30 mg, 0.04 mmol, 40%) suitable for X-ray diffraction anal-
ysis were harvested after 7 d. 1H NMR (600 MHz, [D6]benzene, 25 8C):
d=6.89 (s, 2H; CpH), 6.81 (d, 3J=2.4 Hz, 4H; CpH), 0.27 (s, 36H; Si-
ACHTUNGTRENNUNG(CH3)3), �0.11 ppm (d, 2JYH=2.4 Hz, 24H; Al ACHTUNGTRENNUNG(CH3)4);


13C{1H} NMR
(151 MHz, [D6]benzene, 25 8C): d=131.1, 130.5, 126.1 (Cp), 2.09 (br s; Al-
ACHTUNGTRENNUNG(CH3)4), 0.48 ppm (SiACHTUNGTRENNUNG(CH3)3); elemental analysis calcd (%) for
C30H66Cl2Al2Si4Y2 (841.88): C 42.80, H 7.90; found: C 43.08, H 8.02.


ACHTUNGTRENNUNG[{YCl2 ACHTUNGTRENNUNG{1,3-ACHTUNGTRENNUNG(Me3Si)2C5H3}}n] (7): In a glovebox, [Y ACHTUNGTRENNUNG(AlMe4)2-
ACHTUNGTRENNUNG{1,3- ACHTUNGTRENNUNG(Me3Si)2C5H3}] (2b) (132 mg, 0.28 mmol) was dissolved in hexane
(3 mL) and excess Me2AlCl was added. The reaction mixture was stirred
for 16 h at ambient temperature and then cooled to �35 8C. Compound 7
(31 mg, 0.08 mmol, 30%) was obtained as a white powdery solid after
2 d. 1H NMR (600 MHz, [D6]benzene, 25 8C): d=7.18 (s, 1H; CpH), 7.05
(d, 3J=1.8 Hz, 2H; CpH), 0.50 ppm (s, 18H; Si ACHTUNGTRENNUNG(CH3)3);


13C{1H} NMR
(151 MHz, [D6]benzene, 25 8C): d =132.1, 131.7, 126.1 (Cp), 0.65 ppm (Si-
ACHTUNGTRENNUNG(CH3)3).


[{Y ACHTUNGTRENNUNG(AlMe4)ACHTUNGTRENNUNG(m-Cl)(C5Me4SiMe3)}2] (8): In a glovebox, [Y-
ACHTUNGTRENNUNG(AlMe4)2(C5Me4SiMe3)] (3b) (105 mg, 0.23 mmol) was dissolved in
hexane (3 mL) and Me2AlCl (230 mL,
0.23 mmol) was added. The reaction
mixture was stirred for 5 min and then
cooled to �35 8C. Colorless single crys-
tals of 8 (38 mg, 0.05 mmol, 41%) suit-
able for X-ray diffraction analysis were
harvested after 2 d. 1H NMR
(500 MHz, [D6]benzene, 25 8C): d=


2.08 (s, 12H; CH3), 1.81 (s, 12H; CH3),
0.31 (s, 18H; Si ACHTUNGTRENNUNG(CH3)3), �0.20 (d,
2JYH=2.0 Hz, 24H; Al ACHTUNGTRENNUNG(CH3)4);


13C{1H}
NMR (126 MHz, [D6]benzene, 25 8C):
d=129.5, 127.4, 118.7 (Cp), 15.0 (CH3),
11.9 (CH3), 2.1 (SiACHTUNGTRENNUNG(CH3)3), 0.2 ppm
(br s; Al ACHTUNGTRENNUNG(CH3)4); elemental analysis
calcd (%) for C32H66Al2Cl2Si2Y2
(809.73): C 47.47, H 8.22; found: C
47.83, H 8.30.


[{Nd ACHTUNGTRENNUNG(AlMe4) ACHTUNGTRENNUNG(m-Cl)-
ACHTUNGTRENNUNG{1,2,4- ACHTUNGTRENNUNG(Me3C)3C5H2}}2] (9): In a glove-
box, [NdACHTUNGTRENNUNG(AlMe4)2 ACHTUNGTRENNUNG{1,2,4- ACHTUNGTRENNUNG(Me3C)3C5H2}]
(4d) (33 mg, 0.06 mmol) was dissolved
in hexane (3 mL) and Me2AlCl (60 mL,
0.06 mmol) was added. The reaction
mixture was stirred for 5 min and then
cooled to �35 8C. Blue single crystals
of 9 (10 mg, 0.01 mmol, 35%) suitable
for X-ray diffraction analysis were har-
vested after 7 d. 1H NMR (600 MHz,
[D6]benzene, 25 8C): d =9.63 (br s,
24H; Al ACHTUNGTRENNUNG(CH3)4), 0.88 (br s, 4H; CpH),
�0.58 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), �3.80 ppm
(s, 36H; CACHTUNGTRENNUNG(CH3)3);


13C{1H} NMR
(151 MHz, [D6]benzene, 25 8C): d=


282.4, 262.7 (Cp), 211.1 (br s; Al-
ACHTUNGTRENNUNG(CH3)4), 235.7 (Cp), 54.9, 53.1 (C-


ACHTUNGTRENNUNG(CH3)3), 7.2, 6.3 ppm (CACHTUNGTRENNUNG(CH3)3); elemental analysis calcd (%) for
C42H82Al2Cl2Nd2 (1000.46): C 50.42, H 8.26; found: C 50.73, H 8.57.


Polymerization of isoprene : A detailed polymerization procedure
(run 12, Table 5) is described as a typical example. B ACHTUNGTRENNUNG(C6F5)3 (10 mg,
0.02 mmol, 1 equiv) was added to a solution of 3e (9 mg, 0.02 mmol) in
toluene (8 mL) and the mixture was aged at ambient temperature for
15 min. After the addition of isoprene (2.0 mL, 20 mmol), polymerization
was carried out at 40 8C for 24 h. The polymerization mixture was poured
into a large quantity of acidified isopropanol containing 0.1% (w/w) 2,6-
di-tert-butyl-4-methylphenol as a stabilizer. The polymer was washed
with isopropanol and dried under vacuum at ambient temperature to
constant weight. The polymer yield was determined gravimetrically.


Single-crystal X-ray structures : Crystal data and details of the structure
determination are presented in Tables 6 and 7. Single crystals were
placed in a nylon loop containing Paratone oil (Hampton Research)
under argon atmosphere, and then mounted directly into the N2 cold
stream (Oxford Cryosystems Series 700) on a Bruker AXS SMART 2 K
CCD diffractometer. Data were collected by means of 0.3–0.48 w scans in
four orthogonal f settings using MoKa radiation (l=0.71073 U) and a
fifth and final partial run to evaluate crystal decay. Data collection was
controlled using the program SMART,[37] data integration was performed
with SAINT,[37] and structure solution and model refinement were carried
out with SHELXS-97 and SHELXL-97.[38]


All data sets were subjected to face indexed based numerical absorption
correction,[39] except for the data sets for 2a and 3b, which were correct-
ed using multi-abs methods.[40]


Non-coordinating methyl groups were refined as rigid and rotating (dif-
ference Fourier density optimization) about the respective Al�C bonds.
Coordinating methyl groups were refined as rigid pyramidal groups with
the same C�H and H···H distances as in the previous case, but with the
threefold axis of the pyramidal rigid group allowed to be non-parallel


Table 6. Crystallographic data for compounds 2a, 2b, 2d, and 3b.


2a 2b 2d 3b


formula C19H45Al2Si2Lu C19H45Al2Si2Y C19H45Al2Si2Nd C20H45Al2SiY
Fw 558.66 472.60 527.93 456.52
color/habit colorless/plate colorless/needle blue/needle colorless/prism
crystal dimensions [mm3] 0.58W0.38W0.10 0.38W0.08W0.06 0.48W0.15W0.08 0.30W0.25W0.21
crystal system monoclinic monoclinic monoclinic monoclinic
space group P21/m P21/m P21/m P21/n
a [U] 9.7232(2) 9.6386(7) 9.5762(2) 10.1774(2)
b [U] 14.1302(4) 14.182(1) 14.1496(3) 13.4321(3)
c [U] 9.8051(2) 9.9401(7) 10.1438(2) 19.0942(4)
a [8] 90 90 90 90
b [8] 101.5063(4) 100.792(1) 98.94(1) 105.036(1)
g [8] 90 90 90 90
V [U3] 1320.1(1) 1334.7(2) 1357.77(5) 2520.88(9)
Z 2 2 2 4
T [K] 103 123 123 123
1calcd [mgm


�3] 1.406 1.176 1.291 1.203
m [mm�1] 3.897 2.341 2.066 2.432
F ACHTUNGTRENNUNG(000) 568 504 546 976
q range [8] 2.14/30.11 2.09/25.56 2.15/30.12 1.88/32.07
index ranges �13�h�13 �11�h�11 �13�h�13 �15�h�14


�19�k�19 �17�k�17 �19�k�19 �20�k�20
�13� l�13 �12� l�12 �12� l�14 �24� l�28


no. of reflns. integrated 22357 16035 17306 35693
no. of indep. reflns./Rint 4035/0.0200 2599/0.0415 4137/0.0143 8728/0.0226
no. of obsd. reflns. (I>2s(I)) 3957 2275 4001 7642
data/params./restraints 4035/142/21 2599/142/12 4137/148/21 8728/256/18
R1/wR2 (I>2s(I))[a] 0.0108/0.0279 0.0249/0.0587 0.0161/0.0406 0.0237/0.0596
R1/wR2 (all data)[a] 0.0112/0.0281 0.0343/0.0623 0.0168/0.0410 0.0311/0.0625
GOF (on F2)[a] 1.089 1.055 1.071 1.047
largest diff. peak and hole [eU�3] 0.494/�0.648 0.343/�0.304 1.399/�0.446 0.534/�0.639


[a] R1=�(jjF0j � jFc j j )/� jF0 j ; wR2= {�[w(F0
2 � Fc


2)2]/�[w ACHTUNGTRENNUNG(F0
2)2]}1/2 ; GOF= {�[w(F0


2 � Fc
2)2]/ ACHTUNGTRENNUNG(n � p)}1/2.
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with the C�Al bond axis. The isotropic displacement parameters for all
methyl H-atoms were set at 1.5 times that of the pivot C-atom.


CCDC-653204, 653205, 679299, 679300, 679301, 679302, 679303, 679304,
and 679305 contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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formula C25H53Al2Sm C25H53Al2Nd C25H53Al2La C32H66Cl2Al2Si2Y2 C42H82Cl2Al2Nd2
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2)2]}1/2 ; GOF= {�[w(F0


2 � Fc
2)2]/ ACHTUNGTRENNUNG(n � p)}1/2.
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Evaluation of Electron Population Terms for hrSe�3i4p, hrS�3i3p, and hrO�3i2p: How
Do HOMO and LUMO Shrink or Expand Depending on Nuclear Charges?


Waro Nakanishi,*[a] Satoko Hayashi,[a] Kenji Narahara,[a] Daisuke Yamaki,[b] and
Masahiko Hada[b]


Introduction


Valence orbitals shrink or expand depending on the magni-
tude of the electron repulsion if those at the same kind of
nuclei are compared.[1] The total magnitude of the electron
repulsion at a nucleus (N) in a molecule (M) should be cor-
related with the electron density at N, which could be evalu-
ated by the nuclear charge (Q(N)) in M. The electron popu-
lation terms hr�3


N i will evaluate how molecular orbitals
(MOs) shrink or expand. It should be crucial to determine
whether hr�3


N i or the relative values (hr�3
N irel) correlate with


Q(N).


NMR spectroscopy has been established as an extremely
powerful tool available to the scientific community;[2] it*s es-
sential for modern chemistry and biology to investigate mo-
lecular-level structures and dynamics.[2] Calculated absolute
shielding tensors (s) become reliable, where total absolute
shielding tensors (st) are decomposed into diamagnetic (sd)
and paramagnetic (sp) contributions (st =sd + sp).[3–5] Em-
ploying calculated sp(N), physical meanings of NMR chemi-
cal shifts can be understood more clearly, since sp(N) is
highly sensitive to the structural change around N in M (sp-
ACHTUNGTRENNUNG(N : M)). Based on the approximated image derived from
Equation (1),[6,7] hr�3


N i in the nuclear-spin electron-orbit in-
teraction terms [hya j L̂z,Nr


�3
N jyii and hyi j L̂z,Nr


�3
N jyai] must


play an important role to determine the chemical shifts, to-
gether with the reciprocal orbital energy gaps [(ea�ei)


�1] and
the Zeeman terms [hyi j L̂z jyai and hya j L̂z jyii].[2,7] Equa-
tion (1) can be rewritten to Equation (2), if hr�3


N i can be
treated as a constant for N in M.


sp
zzðNÞ ¼ �ðmoe


2=2me
2Þ
X


occ
i


X
unocc
a ðea�eiÞ�1


�fhyijL̂zjyaihyajL̂z,Nr
�3
N jyii þ hyijL̂z,Nr


�3
N jyaihyajL̂zjyiig


ð1Þ


Abstract: Electron population terms
hr�3


N i are evaluated for N= Se, S, and
O. Calculations are performed on
HOMO and LUMO constructed by
pure atomic 4p(Se), 3p(S), and 2p(O)
orbitals, employing the 6-311+G(3d)
and/or 6-311++GACHTUNGTRENNUNG(3df,3pd) basis sets at
the HF, MP2, and DFT (B3 LYP)
levels. Se4+ , Se2+ , Se0, and Se2� with
the Oh symmetry are called GACHTUNGTRENNUNG(A : Se)
and HSe+ , H2Se, and HSe� with the
C1h or C2v symmetry are named G ACHTUNGTRENNUNG(B :
Se), here [G ACHTUNGTRENNUNG(A+B : Se) in all] . HOMO
and LUMO in GACHTUNGTRENNUNG(A+B : N) (N=Se, S,


and O) satisfy the conditions of the cal-
culations for hr�3


N i. The hr�3
Se i4p, hr�3


S i3p,
and hr�3


O i2p values correlate well with
the corresponding MO energies (eN)
for all calculation levels employed.
Plots of hr�3


N iHOMO and hr�3
N iLUMO versus


Q(N) (N= Se, S, and O) at the HF and
MP2 levels are analyzed as two corre-


lations. However, the plots at the DFT
level can be analyzed as single correla-
tion. A regression curve is assumed for
the analysis. Behaviors of hr�3


N i clarify
how valence orbitals shrink or expand
depending on Q(N). The applicability
of hr�3


N i is examined to establish a new
method that enables us to analyze
chemical shifts with the charge effect
separately from others. A utility pro-
gram derived from the Gaussian 03
(NMRANAL-NH03G) is applied to
evaluate hr�3


N i and examine the applica-
bility to the NMR analysis.
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77Se NMR is one of typical methods utilized to determine
the structures of selenium containing compounds.[2,8–11]


Indeed, empirical rules are used to assign the spectra on a
daily basis, but they are of no use when the physical mean-
ings of the shift values are considered. Plain rules originat-
ing from theory are necessary to determine geometric and
electronic structures based on the chemical shifts.[12] If
chemical shifts can be discussed separately from the three
factors, much more information could be derived from the
chemical shifts useful to investigate physical, chemical, and
biological sciences.


Atomic 4p(Se) orbitals in the valence MOs mainly control
the 77Se chemical shifts. To clarify the behavior of hr�3


Se i4p, the
values are calculated for HOMO and LUMO constructed
by the pure atomic 4p(Se) orbitals in Se4+ , Se2+ , Se0, and
Se2� and those in HSe+ , H2Se, and HSe�. We call the
former group A [G ACHTUNGTRENNUNG(A : Se)] herein, since they have no H
atoms with the Oh symmetry, and the latter group B [G ACHTUNGTRENNUNG(B :
Se)] with the C1h or C2v symmetry due to the H atom(s)[13]


[G ACHTUNGTRENNUNG(A+B : Se) in all] . Similar calculations are performed on
sulfur and oxygen species: hr�3


S i3p and hr�3
O i2p are calculated


for GACHTUNGTRENNUNG(A+B : S) and GACHTUNGTRENNUNG(A+B : O), respectively, for conven-
ience of comparison. The values are connected to Q(N) in
the expectation that hr�3


N i can be approximately estimated
based on Q(N).


Here, we report the results of the calculations on hr�3
N i for


HOMO and LUMO constructed by pure atomic 4p(Se) or-
bitals in GACHTUNGTRENNUNG(A+B : Se), 3p(S) in G ACHTUNGTRENNUNG(A+B : S), and 2p(O) in G-
ACHTUNGTRENNUNG(A+B : O). Correlations of hr�3


N i with Q(N) (N=Se, S, and
O) and the corresponding MO energies (eN) in G ACHTUNGTRENNUNG(A+B : N)
are discussed. It can be assumed that the valence orbitals
shrink or expand depending on Q(N) through evaluation of
hr�3


N i. The results will open the door to develop a new
method to analyze the NMR chemical shifts.


Results and Discussion


Calculation method : The 6-311+G(3d) and 6-311++G-
ACHTUNGTRENNUNG(3df,3pd) basis sets in the Gaussian 03 program[14,15] are em-
ployed for GACHTUNGTRENNUNG(A+B : N) (N of Se, S, and O). Calculations are
performed at the Hartree–Fock (HF) level,[16] the Møller–
Plesset second order energy correlation (MP2) level,[17] and/
or the density functional theory (DFT) level of the Becke
three-parameter hybrid functionals with the Lee-Yang-Parr
correlation functional (B3LYP).[18] The hr�3


N iij values aver-
aged by yi and yj are calculated according to Equation (3),
although hr�3


N iHOMO (yi=yj=HOMO) and hr�3
N iLUMO (yi=


yj=LUMO) are used in place of hr�3
N iij, if they are suita-


ble.[19] The utility program derived from the Gaussian 03
program are applied to calculate the hr�3


N i values (NMRA-
NAL-NH03G).[20,21]


hr�3
N iij ¼ hyijr�3


N jyji ð3Þ


Evaluation of electron population terms hr�3N i (N=Se, S,
and O): Figure 1 illustrates y16-y18 for Se0 at the singlet
state, which are constructed by the pure atomic 4p(Se) orbi-
tals. y16 and y17 are occupied and y18 is vacant. MOs and
the energies for Se4+ , Se2+ , and Se2� are closely related to
those for Se0. While y16–y18 are vacant in Se4+ , y16 is occu-
pied and y17 and y18 are vacant in Se2+ , and y16–y18 are oc-
cupied in Se2�.


The hr�3
N i values are calculated for HOMO and LUMO


constructed by pure atomic 4p(Se) orbitals in GACHTUNGTRENNUNG(A+B : Se),
by pure 3p(S) in G ACHTUNGTRENNUNG(A+B : S), and by pure 2p(O) in GACHTUNGTRENNUNG(A+B :
O) at the singlet state according to Equation (3). Table 1
summarizes the results calculated with the 6-311+G(3d)
basis sets for GACHTUNGTRENNUNG(A+B : Se) at the HF, MP2, and B3 LYP
levels and for G(A+B : S and O) at the B3 LYP level. The
hr�3


N irel values are also obtained assuming hr�3
N iHOMO = 1.000


for each N0 of GACHTUNGTRENNUNG(A : N). Table 1 summarizes the hr�3
N irel


values (hr�3
N iHOMO:rel and hr�3


N iLUMO:rel), together with the cor-
responding MO energies (eN : eN :HOMO and eN :LUMO) and
Q(N) calculated employing the natural population analy-
sis[14] with the same methods. Data for G(A+B : S and O) at
the HF and MP2 levels are given in the Supporting Informa-
tion (Tables S1 and S2). The B3 LYP/6-311++GACHTUNGTRENNUNG(3df,3pd)
method is also applied to G(A+B : Se and S) for ease of
comparison. The results are shown in the Supporting Infor-
mation (Table S3). The hr�3


N i values for HOMO and LUMO
of Se2+ and Se0 at the triplet state are similarly calculated
with the B3 LYP/6-311+G(3d) method. The hr�3


N irel values at
the triplet state are also obtained assuming hr�3


N iHOMO = 1.000
for Se0 at the singlet state (see Table S4 in the Supporting
Information for results, containing the average values).


Before discussion of the correlation between hr�3
N i and


Q(N), it is important to discuss the correlation between
hr�3


N i and eN.


Correlations between hr�3N i and eN (N=Se, S, and O):
Figure 2 shows the plots of hr�3


N iHOMO and hr�3
N iLUMO versus


corresponding eN for N= Se, S, and O, calculated with the
HF/6-311+G(3d) method. The correlations are very good.
Table 2 shows the results (entries 1–3). The correlations for
the data calculated with the MP2/6-311+G(3d) method are
very close to those obtained by the HF/6-311+G(3d)
method. The results calculated with the MP2/6-311+G(3d)
methods are also shown in Table 2 (entries 4–6). The plots
with the MP2/6-311+G(3d) method is given in the Support-
ing Information (Figure S1). Figure 3 shows the plots of
hr�3


N iHOMO and hr�3
N iLUMO versus eN for N=Se, S, and O, calcu-


lated with the B3 LYP/6-311+G(3d) method. The correla-


Figure 1. HOMO (y16 and y17) and LUMO (y18) illustrated for Se0 at the
singlet state.
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tions are excellent (see Table 2, entries 7–9). These results
demonstrate that hr�3


N iHOMO and hr�3
N iLUMO (N=Se, S, and O)


are well correlated with eN, irrespective of the calculation
methods.


After elucidating the relationship between hr�3
N i and eN,


the correlation between hr�3
N i and Q(N) needs to be clari-


fied, where eN cannot be assigned to an atom N in M,
whereas Q(N) can be.


Correlations between hr�3N i and Q(N) (N=Se, S, and O):
Figure 4 shows the plots of hr�3


Se iHOMO:rel and hr�3
Se iLUMO:rel


versus Q(Se) for GACHTUNGTRENNUNG(A+B : Se), calculated with the HF/6-
311+G(3d) method. Figure 5 shows the plots for those cal-
culated with the B3 LYP/6-311+G(3d) method.


y ¼ ArelexpðarelxÞ þ ð1�ArelÞ
ð4Þ


y ¼ ArelexpðarelxÞ þ Brel ð5Þ


The plot for hr�3
Se iHOMO:rel of G-


ACHTUNGTRENNUNG(A+B : Se) calculated with the
HF/6-311+G(3d) method in
Figure 4 is analyzed incorporat-
ing the regression curve shown
in Equation (4),[22] where x and
y stand for Q(Se) and hr�3


Se irel,
respectively. The Equation in-
cludes (x,y)= (Q(N),hr�3


N irel) =


(0,1). The correlation is very
good. Table 3 shows the
(Arel,arel) values (entry 1),
where H and L stand for
HOMO and LUMO, respec-
tively. Figure 4 also contains the
plot of hr�3


Se iLUMO:rel versus
Q(Se) for GACHTUNGTRENNUNG(A+B : Se), which
should be further analyzed as
another correlation; this can be
achieved by applying Equa-
tion (5), which does not satisfy
(x,y) = (0,1). The correlation is
also very good. Table 3 shows
the (Arel,arel) values with Brel in
the footnote (entry 2). The
plots of hr�3


Se iHOMO:rel and
hr�3


Se iLUMO:rel versus Q(Se) for G-
ACHTUNGTRENNUNG(A : Se) are similarly analyzed.
The results are given in Table 3
(entries 3 and 4). The results
for GACHTUNGTRENNUNG(A+B : Se) are essentially
the same as those for G ACHTUNGTRENNUNG(A : Se).
The plots of hr�3


Se iHOMO:rel and
hr�3


Se iLUMO:rel versus Q(Se), calcu-
lated with the MP2/6-
311+G(3d) method, are shown
in the Supporting Information


(Figure S2). Table 3 summarizes
the correlations (entries 5–8). The results with the MP2/6-
311+G(3d) method are essentially the same as those with
the HF/6-311+G(3d) method.


The plots of hr�3
Se iHOMO:rel and hr�3


Se iLUMO:rel versus Q(Se) for
GACHTUNGTRENNUNG(A+B : Se) calculated with the B3 LYP/6-311+G(3d)
method shown in Figure 5 can fortunately be analyzed as a
single correlation. Equation (4) is applied for the analysis.
The correlation is excellent (R2 = 0.999). Table 3 shows the
results (entry 9).[23] The Table also contains the correlations
for the plots of hr�3


Se iHOMO:rel and hr�3
Se iLUMO:rel in GACHTUNGTRENNUNG(A : Se)


(entry 10). The results for G ACHTUNGTRENNUNG(A+B : Se) are very similar to
those for GACHTUNGTRENNUNG(A : Se). The correlation for the plot of
hr�3


Se iHOMO:rel in GACHTUNGTRENNUNG(A : Se) is also given in Table 3 (entry 11).
The results show that there are no substantial differences


Table 1. hr�3
N iHOMO, hr�3


N iHOMO:rel, hr�3
N iLUMO, and hr�3


N iLUMO:rel values for Se4+ , Se2+ , Se0, and Se2� (GACHTUNGTRENNUNG(A : Se)),
HSe+ , H2Se, and HSe� (G ACHTUNGTRENNUNG(B : Se)), G ACHTUNGTRENNUNG(A+B : S), and G ACHTUNGTRENNUNG(A+B : O) at the singlet state, together with eN :HOMO,
eN:LUMO, and Q(N) (N=Se, S, and O).


Species hr�3
N iHOMO


[ao
�3]


hr�3
N irel


[a,b] hr�3
N iLUMO


[ao
�3]


hr�3
N irel


[b,c] eN :HOMO


[au]
eN:LUMO


[au]
Q(N)[d]


HF/6-311+G(3d)
Se4+ 14.082 1.542 �1.526 4
Se2+ 12.307 1.347 10.540 1.154 �1.067 �0.730 2
Se0 9.133 1.000[e] 6.798 0.744 �0.373 �0.079 0
Se2� 6.340 0.694 0.114 �2
HSe+ 10.382 1.137 8.443 0.924 �0.684 �0.370 0.933
H2Se 8.717 0.954 �0.358 �0.131
HSe� 7.490 0.820 �0.090 �1.000
MP2/6-311+G(3d)
Se4+ 14.082 1.542 �1.526 4
Se2+ 12.307 1.347 10.540 1.154 �1.067 �0.730 2
Se0 9.133 1.000[e] 6.798 0.744 �0.373 �0.079 0
Se2� 6.340 0.694 0.114 �2
HSe+ 10.380 1.137 8.441 0.924 �0.684 �0.370 0.925
H2Se 8.441 0.955 �0.358 �0.135
HSe� 7.498 0.821 �0.090 �1.000
B3 LYP/6-
311+G(3d)
Se4+ 17.764 1.737 �1.731 4
Se2+ 13.798 1.349 13.869 1.356 �0.944 �0.914 2
Se0 10.228 1.000[e] 10.242 1.001 �0.264 �0.237 0
Se2� 7.147 0.699 0.181 �2
HSe+ 11.630 1.137 11.659 1.140 �0.568 �0.540 0.907
H2Se 9.760 0.954 �0.251 �0.190
HSe� 8.373 0.819 0.002 �1.030
S4+ 9.141 1.773 �1.921 4
S2+ 7.248 1.365 7.160 1.349 �1.041 �0.997 2
S0 5.308 1.000[e] 5.200 0.980 �0.283 �0.248 0
S2� 3.690 0.695 0.204 �2
HS+ 6.014 1.133 5.910 1.113 �0.615 �0.576 0.858
H2S 4.990 0.940 �0.266 �0.275
HS� 4.306 0.811 0.007 �1.073
O4+ 9.491 1.912 �3.201 4
O2+ 7.070 1.424 6.717 1.353 �1.628 �1.525 2
O0 4.963 1.000[e] 4.608 0.928 �0.381 �0.301 0
O2� 3.402 0.686 0.341 �2
OH+ 5.479 1.104 5.133 1.034 �0.851 �0.764 0.482
H2O 4.364 0.879 �0.321 �0.922
OH� 3.875 0.781 0.048 �1.369


[a] hr�3
N iHOMO:rel. [b] hr�3


N iHOMO =1.000 for each N0 of G ACHTUNGTRENNUNG(A : N). [c] hr�3
N iLUMO:rel. [d] Nuclear charge calculated


with the natural population analysis for G ACHTUNGTRENNUNG(B : N). [e] Chosen as the standard.
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between the three plots. Similar plots of GACHTUNGTRENNUNG(A+B : N) versus
Q(N) (N=S and O) are analyzed as single correlation for
each as shown in the Supporting Information (Figures S4


and S5). The correlations are
given in Table 3 (entries 12–17).
The Table also collects the
Arelarel values for the correla-
tions, which correspond to the
charge dependence of hr�3


N irel at
Q(N)=0.[24]


Equation (6) should be ap-
plied when hr�3


N iHOMO and
hr�3


N iLUMO are plotted versus
Q(N). In these cases, Equa-
tion (6) will be obtained by
multiplying the both sides of
Equations (4) or (5) by
hr�3


N iHOMO(N0) (=ko(N
0)) (N=


Se, S, or O), used as the stan-
dard values. Therefore, Equa-
tions (7) and (8) are derived


from Equations (4) and (5), respectively:


y ¼ A expðaxÞ þ B ð6Þ


Table 2. Correlations in hr�3
N i and eN for N= O, S, and Se.[a]


No y x a b R2 Comment


HF/6-311+G(3d)
1 hr�3


Se i eSe �4.881 6.903 0.988 G ACHTUNGTRENNUNG(A+B : Se)
2 hr�3


S i eS �2.413 3.523 0.988 G ACHTUNGTRENNUNG(A+B : S)
3 hr�3


O i eO �1.776 3.354 0.971 G ACHTUNGTRENNUNG(A+B : O)
MP2/6-311+G(3d)
4 hr�3


Se i eSe �4.879 6.905 0.988 G ACHTUNGTRENNUNG(A+B : Se)
5 hr�3


S i eS �2.413 3.524 0.988 G ACHTUNGTRENNUNG(A+B : S)
6 hr�3


O i eO �1.774 3.357 0.970 G ACHTUNGTRENNUNG(A+B : O)
B3 LYP/6-311+G(3d)
7 hr�3


Se i eSe �5.506 8.547 0.993 G ACHTUNGTRENNUNG(A+B : Se)
8 hr�3


S i eS �2.680 4.387 0.995 G ACHTUNGTRENNUNG(A+B : S)
9 hr�3


O i eO �1.742 4.016 0.992 G ACHTUNGTRENNUNG(A+B : O)
10 hr�3


S i hr�3
Se i 0.540 �0.256 0.998 G ACHTUNGTRENNUNG(A+B)


11 hr�3
O i hr�3


Se i 0.581 �1.138 0.976 G ACHTUNGTRENNUNG(A+B)
12 hr�3


S i hr�3
O i 1.081 �0.894 0.987 G ACHTUNGTRENNUNG(A+B)


13 eS eSe 1.112 0.012 1.000 G ACHTUNGTRENNUNG(A+B)
14 eO eSe 1.853 0.118 0.994 G ACHTUNGTRENNUNG(A+B)


[a] Analyzed according to y=ax + b (R2 : square of correlation coefficient).


Figure 2. Plots of hr�3
N i versus eN for HOMO and LUMO in G ACHTUNGTRENNUNG(A+B : N)


calculated with the HF/6-311+G(3d) method: * for N=Se, ~ for N=S,
and & for N= O.


Figure 3. Plots of hr�3
N i versus eN for HOMO and LUMO in G ACHTUNGTRENNUNG(A+B : N)


calculated with the B3 LYP/6-311+G(3d) method: * for N=Se, ~ for
N=S, and & for N= O.


Figure 4. Plots of hr�3
Se iHOMO:rel and hr�3


Se iLUMO:rel versus Q(Se) for G ACHTUNGTRENNUNG(A+B :
Se) calculated with the HF/6-311+G(3d) method: * for HOMO and ~


for LUMO.


Figure 5. Plots of hr�3
Se iHOMO:rel and hr�3


Se iLUMO:rel versus Q(Se) calculated
with the B3 LYP/6-311+G(3d) method: * for G ACHTUNGTRENNUNG(A+B : Se) and ~ for G-
ACHTUNGTRENNUNG(B : Se). Data for hr�3


Se iLUMO:rel and hr�3
Se iHOMO:rel are substantially equal for


Se0, Se2+ , and HSe+ .
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A ¼ k0ðN0Þ Arel, a ¼ arel, and B ¼ k0ðN0Þ  ð1�ArelÞ
ð7Þ


A ¼ k0ðN0Þ Arel, a ¼ arel, and B ¼ k0ðN0Þ  Brel


ðk0ðN0Þ ¼ hr�3
N iHOMOðN0Þ ðN ¼ Se, S, or OÞÞ


ð8Þ


It would be interesting if the magnitudes of hr�3
S i are not so


close to those of hr�3
Se i but close to those of hr�3


O i for G-
ACHTUNGTRENNUNG(A+B) when calculated with the B3 LYP/6-311+G(3d)
method (entries 10–12 in Table 2: Figure S6, Supporting In-
formation). The value from the covalent radii of N (rcov:N)
may not be valid in hr�3


N i for N=Se, S and O. On the other
hand, eS(G ACHTUNGTRENNUNG(A+B)) correlate well with eSe(G ACHTUNGTRENNUNG(A+B)), com-
pared with the case of eO(G ACHTUNGTRENNUNG(A+B)) (entries 13 and 14 in
Table 3, Figure S7 in the Supporting Information). The data
calculated with the B3 LYP/6-311++GACHTUNGTRENNUNG(3df,3pd) method are
similarly plotted for G ACHTUNGTRENNUNG(A+B : Se) and G ACHTUNGTRENNUNG(A+B : S). The re-
sults are very close to those of the B3 LYP/6-311+G(3d)
method. Table 3 also collects the correlations (entries 18–
23).


After establishment of the correlation between hr�3
N i and


Q(N), the applicability of hr�3
N i is subsequently considered to


develop a new method to analyze NMR chemical shifts sep-
arately by the Q(N) factor from others.


Applicability of hr�3N i to NMR analysis : The applicability of
hr�3


N i for NMR analysis is exemplified by SeH2.
[25] Since sp


are evaluated by the coupled Hartree–Fock (CPHF) method


in the Gaussian 03 program,
they can be decomposed into
the contribution of the occu-
pied orbitals or the orbital–or-
bital transitions[7] as shown in
Equation (9).


sp ¼
X


i
occ
X


a
unoccsp


i!a


¼
X


i
occsp


i


ð9Þ


Figure 6 shows the y18 ACHTUNGTRENNUNG(HOMO)
to y20 ACHTUNGTRENNUNG(LUMO+1) transition in
SeH2.


[26] The molecular plane of
SeH2 is set to the xy plane with
the bisected direction of
aHSeH to the x axis, here.
Consequently, y18 ACHTUNGTRENNUNG(HOMO) is
the pure 4pz(Se) and y20-
ACHTUNGTRENNUNG(LUMO+1) is constructed by
4py(Se) and h2 (H2), as shown
in Figure 7. Therefore, the
y18!y20 transition corresponds
to sp(Se)xx, which contributes
the largest downfield shift to
sp(Se). The transition amounts
to �1345 ppm when calculated


with the DFT-GIAO method employing the 6-311+(3d)
basis sets.


According to Equation (1), hy20 j L̂z,Nr
�3
N jy18i and hy18 j


L̂z,Nr
�3
N jy20i have to be determined for the y18!y20 transi-


tion, which would be reduced to Equation (3) with i= 18
and j=20 for SeH2, although the angular momentum opera-
tor (L̂z,N) must also be considered. The hr�3


Se iHOMO:rel and
hr�3


Se iLUMO:rel values are correlated well with Q(N) and sub-
stantially equal with each other, if calculated with the
B3 LYP/6-311+G(3d) method. It would be possible to ana-
lyze the 77Se NMR chemical shifts separately by the factor
of Q(N) by applying the GIAO-DFT (B3LYP) method,[27] if
the shift values are predominantly controlled by 4p(Se) in
occupied and unoccupied MOs.


Conclusion


Straightforward rules are necessary to determine geometric
and electronic structures based on the chemical shifts, which


Table 3. Arel, arel, and Arelarel values for G(A and/or B : N) (N=Se, S, and O).[a,b]


No. H and/or L[c] Arel arel R2[d] Arelarel
[e] Comment


HF/6-311+G(3d)
1 HOMO 3.344 0.0489 0.995 0.1635 G ACHTUNGTRENNUNG(A+B : Se)
2 LUMO �5.104 �0.0423 0.999 0.2159 G ACHTUNGTRENNUNG(A+B : Se)[f]


3 HOMO 2.555 0.0637 1.000 0.1628 G ACHTUNGTRENNUNG(A : Se)
4 LUMO �7.636 �0.0276 1.000 0. 2108 G ACHTUNGTRENNUNG(A : Se)[g]


MP2/6-311+G(3d)
5 HOMO 3.294 0.0497 0.995 0.1637 G ACHTUNGTRENNUNG(A+B : Se)
6 LUMO �5.081 �0.0425 0.999 0.2159 G ACHTUNGTRENNUNG(A+B : Se)[h]


7 HOMO 2.555 0.0637 1.000 0.1628 G ACHTUNGTRENNUNG(A : Se)
8 LUMO �7.636 �0.0276 1.000 0. 2108 G ACHTUNGTRENNUNG(A : Se)[i]


B3 LYP/6-311+G(3d)
9 H + L[c] 2.713 0.0602 0.999 0.1633 G ACHTUNGTRENNUNG(A+B : Se)
10 H + L[c] 2.580 0.0631 1.000 0.1628 G ACHTUNGTRENNUNG(A : Se)
11 HOMO 2.196 0.0738 1.000 0.1621 G ACHTUNGTRENNUNG(A : Se)
12 H + L[c] 2.130 0.0772 0.997 0.1644 G ACHTUNGTRENNUNG(A+B : S)
13 H + L[c] 2.111 0.0781 0.999 0.1649 G ACHTUNGTRENNUNG(A : S)
14 HOMO 1.843 0.0904 1.000 0.1666 G ACHTUNGTRENNUNG(A : S)
15 H + L[c] 1.245 0.1370 0.990 0.1706 G ACHTUNGTRENNUNG(A+B : O)
16 H + L[c] 1.368 0.1273 0.992 0.1741 G ACHTUNGTRENNUNG(A : O)
17 HOMO 1.213 0.1500 1.000 0.1820 G ACHTUNGTRENNUNG(A : O)
B3 LYP/6-311++G ACHTUNGTRENNUNG(3df,3pd)
18 H + L[c] 2.641 0.0615 0.998 0.1624 G ACHTUNGTRENNUNG(A+B : Se)
19 H + L[c] 2.545 0.0637 1.000 0.1621 G ACHTUNGTRENNUNG(A : Se)
20 HOMO 2.282 0.0709 1.000 0.1618 G ACHTUNGTRENNUNG(A : Se)
21 H + L[c] 2.367 0.0682 0.996 0.1614 G ACHTUNGTRENNUNG(A+B : S)
22 H + L[c] 2.289 0.0705 0.999 0.1614 G ACHTUNGTRENNUNG(A : S)
23 HOMO 1.909 0.0856 1.000 0.1634 G ACHTUNGTRENNUNG(A : S)


[a] According to Equations (4) and/or (5). [b] Brel in the footnote. [c] H stands for HOMO and L for LUMO.
[d] Square of correlation coefficient in y=ax + b (R2). [e] (dy/dx)x=0. [f] Brel =5.840. [g] Brel =8.380. [h] Brel =


5.818. [i] Brel =8.380.


Figure 6. y18 ACHTUNGTRENNUNG(HOMO) to y20 ACHTUNGTRENNUNG(LUMO+1) transition in SeH2, contributing
to sp(Se)xx.
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are founded on theory. Much more information will be de-
rived from the chemical shifts useful to investigate physical,
chemical, and biological sciences, if chemical shifts are ana-
lyzed separately by the factors of charges, reciprocal orbital
energy gaps, and orbital overlaps. As a first step to establish
such rules, behaviors of electron population terms, that is,
hr�3


N i (N= Se, S, and O), are elucidated for pure p-type
atomic orbitals in HOMO and LUMO. The hr�3


N iHOMO and
hr�3


N iLUMO values are well correlated with eN irrespective of
the calculation levels. They also correlated well with Q(N).
The plots are analyzed as two correlations for the values cal-
culated at the HF and MP2 levels. However, those for the
data at the B3 LYP level can be analyzed as single correla-
tion. Namely, both hr�3


N iHOMO and hr�3
N iLUMO can be predicted


by Q(N). While eN cannot be assigned to the specified N in
M, Q(N) can be calculated for the specified N. The results
will establish a new method to analyze the chemical shifts
separately by the factor of charges, if sp(N) are calculated
with the DFT (B3 LYP) method.


Investigations are in progress to establish a new method
to analyze the chemical shifts separately by the three fac-
tors.
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A Combined Experimental and Theoretical Study of the Molecular Inclusion
of Organometallic Sandwich Complexes in a Cavitand Receptor


Erik Zuidema,[a] M. Angeles Sarmentero,[a] Carles Bo,*[a] and Pablo Ballester*[a, b]


Introduction


The use of unimolecular vessels and supramolecular assem-
blies to include or encapsulate transition-metal complexes
has received considerable attention over the last two de-
cades. Numerous examples have been reported in which
noncovalent confinement of the transition-metal guest in
the interior of the receptor�s cavity led to changes in its
chemical behavior. Early studies mainly focused on the ef-
fects of inclusion on the redox properties of stable metallo-
cene complexes.[1] More recently, the possibility of stabiliz-
ing reactive organometallic species by encapsulating them
inside multicomponent supramolecular architectures has


been demonstrated.[2] Furthermore, the first examples of cat-
alysis using transition-metal complexes that are encapsulat-
ed inside supramolecular assemblies have been reported in
which encapsulation of the catalyst leads to significant
changes in catalyst stability, activity, and/or selectivity.[2,3]


Resorcinarene-based cavitands have been shown to be se-
lective unimolecular receptors for a variety of organic spe-
cies of appropriate size.[4] They bind cationic guests through
cation–p and CH–p interactions and consequently they have
been successfully applied as organocatalysts in reactions
that involve positively charged intermediates and/or prod-
ucts.[5] The discrete 1:1 stoichiometry of the host–guest com-
plexes often obtained with these unimolecular receptors
greatly facilitate an in-depth study of the structure of the
formed inclusion complexes and their dynamic behavior by
spectroscopic techniques.[2a,6]


Recently, some of us showed that three-walled hybrid cav-
itand resorcin[4]arenes 3a and 3b are not only able to in-
clude organic ammonium cations (Scheme 1),[7] but also sim-
ilarly sized cationic transition-metal sandwich complexes,
which lead to the formation of thermodynamically and ki-
netically stable 1:1 host–metallocenium complexes in non-
ACHTUNGTRENNUNGaqueous media.[8] Fast spinning and tumbling of the sand-
wich complex inside the three-walled host and a slow ex-


Abstract: We describe herein a de-
tailed study of the inclusion processes
of several positively charged organo-
metallic sandwich complexes inside the
aromatic cavity of the self-folding octa-
ACHTUNGTRENNUNGamide cavitand 1. In all cases, the bind-
ing process produces aggregates with a
simple 1:1 stoichiometry. The resulting
inclusion complexes are not only ther-
modynamically stable, but also kineti-
cally stable on the 1H NMR spectrosco-
py timescale. The binding constants for
the inclusion complexes were deter-
mined by different titration techniques.
We have also investigated the kinetics


of the binding process and the motion
of the metallocenes included in the ar-
omatic cavity of the host. Using DFT-
based calculations, we have evaluated
the energies of a diverse range of po-
tential binding geometries for the com-
plexes. We then computed the proton
chemical shifts of the included guest in
each one of the binding geometries.


The agreement between the averaged
computed values and the experimental-
ly determined chemical shifts clearly
supports the proposed binding geome-
tries that we assigned to the inclusion
complexes formed in solution. The
combination of experimental and theo-
retical results has allowed us to eluci-
date the origins of the distinct features
detected in the complexation process
of the different guests, as well as their
different motions inside the host.
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change between the free and bound guest on the 1H NMR
spectroscopy timescale were observed. Also, the electron-
rich microenvironment found in the interior of the host�s
cavity hampered the reduction of the included transition-
metal complex, presumably by stabilizing the (oxidized) cat-
ionic ACHTUNGTRENNUNGspecies.
In comparison with the scoop-shaped, three-walled hybrid


cavitand resorcin[4]arene 3b, bowl-shaped native resorci-
n[4]arene-based cavitand 1 provides a more enclosed cavity
and therefore creates a more effective microenvironment
for guest-binding.[9] In addition, the steric requirements dic-
tated by the deep vase of cavitand 1 are very different from
those of the open structure of the three-walled cavitand 3b,
imposing different constraints on the rotational motion of
the guest inside the host as well as affecting the exchange
processes of the included guest. Clearly, an in-depth under-
standing of the structures and dynamic behavior of the in-
clusion complexes formed by transition-metal guests and
four-walled cavitand 1 is of key importance for the develop-
ment of potential supramolecular catalysts derived from
complexes of this nature.
Herein we present a detailed study of the inclusion pro-


cess of sandwich complexes 2a+–2d+ inside four-walled
ACHTUNGTRENNUNGresorcin[4]arene-based host 1 (Scheme 1). The structures
and dynamic behavior of the guest inside the host, as well as
the exchange processes involving the included guest, have
been studied by different NMR spectroscopic techniques.
Isothermal titration calorimetry (ITC) experiments were
also performed to determine the thermodynamic parameters


of the inclusion process of
2a+ . In addition, the structural
features of the complexes
formed by the inclusion of
metallocenes 2 in the deep aro-
matic cavity of receptor 1 were
studied by DFT-based calcula-
tions. The calculated 1H NMR
chemical shifts of the included
guests are in good agreement
with the experimentally deter-
mined values. Comparison of
the theoretical and experimen-
tal results has provided an in-
sight into the relationship be-
tween the shape and size of
the different guests 2a+–2d+


and their inclusion geometry.
Furthermore, the results de-
rived from variable-tempera-
ture (VT) 1H NMR studies and
exchange spectroscopy
ACHTUNGTRENNUNG(EXSY) experiments carried
out on the complexes demon-
strate the existence of distinct
dynamic behavior in the
motion of the different guests
within 1.


Results and Discussion


Unsubstituted metallocene guests : The binding of octaamide
cavitand 1 to cobaltocenium 2a+ ·PF6


� and ruthenocenium
2b+ ·Br� was probed by 1H NMR titration techniques. In the
absence of a guest, the 1H NMR spectra of 1 in [D6]acetone
showed sharp signals for all the aromatic and methine pro-
tons, which indicates that host 1 adopts a vase conformation
that is stabilized by an array of intramolecular hydrogen
bonds established between the amide residues along the
upper rim of the cavitand.[9] The hydrogen bonds formed by
the amides of cavitand 1 result in two cycloenantiomers,
with clockwise or counterclockwise orientation.[9b] The
1H NMR spectrum showed just one broad singlet at d=


9.5 ppm, which has been assigned to the eight NH protons
of 1 (Figure 1). This observation is indicative of a fast inter-
conversion between the two enantiomers on the 1H NMR
spectroscopy timescale in [D6]acetone and at room tempera-
ture.
Two different sets of signals corresponding to the NH


groups and aromatic protons of the free and bound host 1
were observed during the initial additions of the cationic
guest 2a+ or 2b+ to a [D6]acetone solution containing cavi-
tand 1 (Figure 1). In addition, during the titration with co-
baltocenium 2a+ , two sharp singlets resonating at d=3.4
and 6.0 ppm were also detected. These two singlets were as-
signed to the protons of included and free 2a+ , respectively.


Scheme 1. Molecular structures of the receptors 1, 3a, 3b, and the cationic sandwich complexes 2a+–2d+ .
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Note that the cyclopentadienyl protons of the included 2a+


appear as a single sharp singlet. For the ruthenocenium
guest 2b+ , two separate signals are observed for the protons
of the cyclopentadienyl and benzene ligands for both the
free and bound guest. The large upfield shifts observed for
the proton resonances of 2a+ (Dd=�2.6 ppm) and 2b+


(Dd=�2.4 ppm for the C6H6 moiety and Dd=�2.3 ppm for
the C5H5 moiety of the guest) upon binding to host 1 have
been attributed to the magnetic shielding microenvironment
experienced by the guest when included within the four aro-
matic rings of 1. The observation of two different sets of
proton signals for free and bound 2a+ and 2b+ , as well as
for free and bound host 1 are indicative of the formation of
host–guest complexes that are kinetically stable on the
1H NMR spectroscopy timescale. The observation of just
one sharp singlet for the 10 cyclopentadienyl protons of in-
cluded 2a+ and of only two types of resonances with similar
upfield shifts for bound 2b+ suggest that at 298 K guests
2a+ and 2b+ spin and tumble rapidly within 1. VT 1H NMR
experiments indicated that even at temperatures as low as
200 K, the motions experienced by the included guests
inside 1 remain fast on the 1H NMR spectroscopy timescale.
The motion of the included guests controls the interconver-
sion between the different binding geometries that could be
adopted in the inclusion complexes (see below).
It was possible to calculate the association constants for


the inclusion complexes 2a+@1 and 2b+@1 in [D6]acetone
(Table 1) from the 1H NMR titration experiments. For com-
plex 2a+@1, an association constant of Ka= (7.0�0.7)L
103m�1 was determined from the relative areas of the aro-


matic proton signals of the free and bound host 1. A similar
value was obtained when the areas of the proton signals of
the free and bound guest 2a+ were used. In the case of 2b+


@1, an association constant of Ka= (6.2�1.5)L103m�1 was
determined from the areas of the proton signals assigned to
the amide moieties of the free and bound cavitand 1.
The thermodynamics of the binding of cobaltocenium 2a+


with receptor 1 in acetone was investigated by ITC. The cal-
orimetric titration was carried out by the sequential injec-
tion of a solution of guest 2a+ ([2a+]=49.40 mm) in acetone
into a solution of cavitand 1 ([1]=6.60 mm) in acetone main-
tained at 25 8C. Figure 2 shows the normalized integration


data for the heat (exothermic) evolved per injection (in kcal
mol�1) of injectant (2a+) plotted against the molar ratio
[2a+]/[1]. The binding isotherm is sigmoidal and shows an
inflection point at 1.0, which indicates a 1:1 stoichiometry
for the complex being formed (2a+@1). The heat of binding
was fitted to a 1:1 module binding algorithm, which yielded
an association constant of Ka= (6.9�0.4)L103m�1, in good
agreement with the association constant obtained by NMR
spectroscopy. The thermodynamic parameters show a mod-
erate enthalpic (DH= (�3.12�0.01) kcalmol�1) and a favor-
able entropic (TDS=2.12 kcalmol�1) contribution to the
free energy of association. The entropic gain was attributed
to the release of ordered acetone molecules from the sur-
face of free species upon formation of the complex, which
causes a net increase in disorder for the overall system (de-
solvation+binding). The enthalpic gain of binding is due to


Figure 1. Changes in the 1H NMR (500 MHz, [D6]acetone) spectra ac-
quired at 298 K during a) the titration of 1 with 2a+ ([1]=1.03 mm) and
b) the titration of 1 with 2b+ ([1]=2.90 mm). * indicates residual CH2Cl2.


Table 1. Binding constants for the cationic metallocene sandwich com-
plexes formed with receptor 1 in acetone.


Metallocene Ka [10
3
m
�1]


2a+·PF6
� 7.0�0.7[a]/6.9�0.4[b]


2b+ ·Br� 6.2�1.5[a]
2c+ ·PF6


� 0.12�0.04[a]
2d+ ·PF6


� 0.08�0.01[a]


[a] Determined by 1H NMR titration. [b] Determined by ITC titration.


Figure 2. ITC titration of the formation of the 2a+@1 complex. The nor-
malized integration data of the evolved heat per injection (in kcalmol�1)
of injectant (2a+) plotted against the molar ratio [2a+]/[1]. To determine
the values of the thermodynamic variables (DH, DG, and TDS), the ITC
data were fitted to a 1:1 binding model (line). n=1.07�0.00489, Ka=
(6.91�0.4)L103m, DH= (�3122�15.42) calmol�1, TDS=2120 calmol�1.
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the fact that the cation–p interactions established between
the receptor and the bound guest are more favorable than
the cation–dipole interactions between the acetone mole-
cules of the solvent and the free guest.
The kinetics of the complexation of 2a+ by 1 at 298 K


were investigated by EXSY spectroscopy (see the Support-
ing Information). 2D EXSY[10] is a relatively simple and
direct NMR method for studying the kinetics of reversible
systems that exchange slowly on the 1H NMR spectroscopy
timescale. By this technique, we measured a rate constant
(k�1=0.15 s


�1) that corresponds to a chemical exchange bar-
rier, DG 6¼diss, of 18.70 kcalmol


�1 for the guest exiting the host.
The barrier of self-exchange depends not only on the energy
required for the host to reorganize to a conformation that
can release the guest, but also on the nature of the guest,
which in turn, is responsible for the thermodynamic stability
of the complex. The free energy for the formation of the
2a+@1 complex, calculated from the stability constant re-
ported in Table 1, is DG2a+@1=�5.24 kcalmol�1. According-
ly, we can estimate the barrier for the reorganization of the
host during the dissociation of the hybrid–cavitand complex
to be DG 6¼conf =DG6¼diss�DG2a+@1=13.46 kcalmol�1. The high
value estimated for the free energy barrier for the host to
reorganize to a conformation that can release the guest in
acetone hints at an exchange process that requires the four
walls of the vase conformer to unfold into the kite confor-
mer.[11]


The low-energy geometries of the inclusion complexes of
2a+ and 2b+ with host 1 were investigated by DFT-based
calculations. The optimized structures, relative energies, and
calculated 1H NMR chemical shifts of the different coordi-
nation modes of guests 2a+ and 2b+ in host 1 are shown in
Figure 3. For both guests 2a+ and 2b+ , the included cationic
metallocene preferentially adopts an axial or pseudoaxial
conformation inside host 1.[12] For ruthenium-based metallo-
cene 2b+ , there is little energetic preference for either of
the two different axial orientations of this asymmetric guest
inside host 1. This is consistent with the similar values ob-
served for the upfield shifts of the 1H NMR signals of both
the cyclopentadienyl and benzene hydrogen atoms of guest
2b+ upon inclusion in the deep aromatic cavity of host 1
(Figure 1b).
For complexes 2a+@1 and 2b+@1 the equatorial inclusion


geometry is less favorable than the pseudoaxial inclusion ge-
ometry. The larger energy difference between the equatorial
and axial geometries computed for 2b+ relative to 2a+ is
readily explained by the larger arene–arene distance in the
ruthenium-based metallocene 2b+ relative to cobaltocenium
2a+ . For both guests, however, the relative energy of the
equatorial geometry is not prohibitively high so as to pre-
vent the tumbling of the guest inside the host that is ob-
served experimentally. Furthermore, the fact that the molec-
ular structures of the host in the two different complex geo-
metries are very similar indicates that any reorientation of
the guest inside the host does not require significant defor-
mation of the host cavity.


Because it is clear from the 1H NMR spectroscopy experi-
ments described above that the different low-energy geome-
tries computed for the inclusion complexes 2a+@1 and 2b+


@1 are involved in a fast chemical exchange on the
1H NMR spectroscopy timescale due to the spinning and
tumbling motion of the guest inside the host, we calculated
the Boltzmann-weighted average chemical shifts for the
1H NMR signals of guests 2a+ and 2b+ inside host 1 at
298 K based on the relative energies of the different struc-
tures reported in Figure 3. For cobaltocenium 2a+ , this
yielded an averaged chemical shift value of d=3.4 ppm for
all 10 protons of the two cyclopentadienyl moieties, which
reproduces very nicely the experimentally measured value
of d=3.4 ppm (Figure 1a). Also, for the included ruthenium
guest 2b+ , the averaged chemical shifts of d=4.0 ppm calcu-
lated for the benzene protons and d=3.2 ppm for the cyclo-
pentadienyl protons of the guest are in excellent agreement
with the experimental values (d=4.0 and 3.3 ppm, respec-
tively, Figure 1b).
Owing to the high thermodynamic stability constant of


the 2a+@1 complex, we were also able to study its electro-
chemical properties in acetone by cyclic voltammetry
(Figure 4). We observed that the inclusion of 2a+ inside the
cavitand affects its half-wave redox potential, with E1=2


shift-
ing approximately 86 mV to a more negative potential. This
indicates that the inclusion complex formed with the cation-
ic 2a+ species inside cavitand 1 is more stable thermody-
namically than the corresponding complex formed with the
neutral reduced metallocene (cobaltocene).[1c,13] The shift of


Figure 3. Optimized binding geometries for the inclusion complexes:
a) Cobaltocenium guest 2a+ in modified host 1. Left: Pseudoaxial geom-
etry; right: equatorial geometry. b) Ruthenocenium guest 2b+ in modi-
fied host 1. Top Left: Axial geometry with the Cp ligand down; top right:
axial geometry with Cp ligand up; bottom left: equatorial geometry. All
of the hydrogen atoms and one wall of the cavitand have been removed
for clarity. The calculated chemical shifts of the guest protons inside the
host, relative to TMS, are shown in bold. Values in italics beneath each
structure denote the relative energy of each binding geometry in kcal
mol�1.
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the half-wave potential for 2a+ upon inclusion in 1 was used
to calculate the stability constant of the inclusion complex
of the neutral cobaltocene. We obtained a stability constant
for the neutral metallocene of K2a@1=2.5L102m�1 (by using
K2a+@1=7.0L103m�1, obtained from the 1H NMR spectros-
copy experiments).[14] Schaefer III and co-workers previous-
ly studied the structure and molecular orbitals of neutral
ACHTUNGTRENNUNGcobaltocene in the gas phase by DFT-based calculations and
compared them with the results of calculations performed
on neutral ferrocene, which is isoelectronic with the cationic
guest 2a+ .[15] They showed that the additional electron in
cobaltocene leads to a Jahn–Teller effect that distorts the
metallocene structure from D5d to C2v symmetry by shorten-
ing the distance between the metal and one carbon atom in
each cyclopentadienyl ligand. The geometric distortion is
very small, however, and consequently the lower stability
constant K2a@1 observed for the inclusion complex of neutral
cobaltocene cannot be attributed to geometric constraints
imposed by host 1. The difference in the stability constants
for guest 2a+@1 and its reduced form 2a@1 is clearly due
to the loss of the cation–p contribution to the overall host–
guest binding interaction upon reduction of the bound guest
2a+ .
Because the changes in the geometry of 2a+ upon reduc-


tion are small, the energies of empty guest-based orbitals of
free 2a+ and encapsulated 2a+@1, obtained from DFT-
based calculations, can be used to investigate the effect of
inclusion on the redox potential of the guest. For both free
2a+ and encapsulated 2a+@1, the calculations predict that
the lowest unoccupied molecular orbital (LUMO) is a well-
localized metal-based d orbital. Most likely, this will be the
orbital involved in the reduction process. The calculated or-
bital energies of the LUMOs of free and encapsulated 2a+


are reported in Table 2. The orbital energies of the cationic
guest 2a+ are highly solvent-dependent, especially in the ab-
sence of host 1. Therefore, solvent effects on the gas-phase
optimized structures were included by an implicit solvation
model for two different solvents (Table 2).


As expected, the effect of solvation on the orbital ener-
gies of free 2a+ is pronounced. In comparison, solvation ef-
fects are smaller for 2a+@1. As has been suggested previ-
ously, the host acts as a polar microenvironment that partial-
ly isolates the encapsulated guest from the bulk solvent. The
p interior surface of the cavitand host is highly electron-
rich, and this enhances the electron density of the included
metal center of the guest. This in turn leads to an increase
in the orbital energies of the guest. Both in the gas phase
and in the nonpolar cyclohexane solvent, higher LUMO en-
ergies for the encapsulated guest than the free solvated
guest were predicted. This is consistent with the experimen-
tal observation that the guest is more difficult to reduce
inside cavitand 1.


1,1’-Diethyl-substituted cobaltocenium guest 2c+ : The sta-
bility constant of complex 2c+@1, determined from the rela-
tive areas of the proton signals of free and bound 1 in
1H NMR titration experiments, is one order of magnitude
lower than that of complex 2a+@1 (Table 1). At room tem-
perature and after the addition of 2c+ (1.5 equiv) to a solu-
tion of 1 in [D6]acetone, separate proton signals were ob-
served for free and bound host 1, as well as for guest 2c+ .
This observation is again indicative of the existence of a
slow chemical exchange on the 1H NMR spectroscopy time-
scale between the free and bound states of the host and
guest and the formation of a kinetically stable complex on
the same timescale. Although each cyclopentadienyl ring of
2c+ has two sets of chemically nonequivalent protons, only
a single broad signal centered at d=4.0 ppm is detected for
all the protons of the included cyclopentadienyl ligands
(C5H4Et) of the guest. Unfortunately, at room temperature
it was not possible to locate the signals arising from the pro-
tons of the ethyl groups of the bound guest. To study in
more detail the dynamics of the inclusion complex 2c+@1,
we carried out VT 1H NMR experiments in the range of
203–298 K and an EXSY experiment at 203 K on a sample
containing 1 (1.16 mm) and 2c+ (4.74 equiv; Figure 5). At
203 K the exchange rate between free and included 2c+ is
too slow to be detected by EXSY. However, at this tempera-
ture the broad signal resonating at d�4.0 ppm at room tem-
perature, which was assigned to the cyclopentadienyl pro-
tons of included 2c+ , splits into at least three separate
ACHTUNGTRENNUNGsignals.
This result indicates that at a low temperature the proton


pairs of the cyclopentadienyl moieties become chemically
nonequivalent. In the EXSY experiment carried out at
203 K we observed that the signals of the cyclopentadienyl


Figure 4. Voltammetric response on glass carbon (0.071 cm2) of a 1.0 mm


solution of 1 containing 0.1m tetraoctylammonium bromide in the ab-
sence of 2a+ (a) and in the presence of 0.4 equiv of 2a+ (c). The
CV of a 0.4 mm solution of 2a+ containing 0.1m tetraoctylammonium
bromide is also shown for comparison (c).


Table 2. Calculated energies of the lowest unoccupied molecular orbital
(LUMO) of 2a+ in the absence of host 1 and included in host 1 in the
gas phase, cyclohexane, and water.


Solvent E [eV]
2a+ 2a+@1-ax 2a+@1-eq


– �6.36 �5.14 �5.12
cyclohexane �4.34 �4.01 �3.97
water �2.39 �2.73 �2.59
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protons resonating at d=4.7 and 4.5 ppm were in chemical
exchange with a broad signal centered at d=3.2 ppm (Fig-
ure 5b). Furthermore, at this low temperature we also ob-
served two signals at high field that arise from the methyl-
ene and methyl protons of one of the two ethyl substituents
of included 2c+ (Figure 6). The chemical shifts observed for
this ethyl group (dACHTUNGTRENNUNG(CH2)=�1.3 and dACHTUNGTRENNUNG(CH3)=�2.7 ppm)
place the residue deep inside the cavity of 1. The EXSY ex-
periment showed that this ethyl group is in slow chemical
exchange with another ethyl substituent (Figure 6b). The
chemical shifts of this second ethyl group (dACHTUNGTRENNUNG(CH2)=2.0 and
dACHTUNGTRENNUNG(CH3)=0.9 ppm) are only slightly upfield-shifted relative
to the shifts of free 2c+ . Taken together, these results indi-
cate that metallocene 2c+ is included in cavitand 1 with an
equatorial geometry. The two ethyl groups of included met-
allocene 2c+ adopt a trans conformation. One of the ethyl
substituents of 2c+ is included deep inside the cavitand,
whereas the other is directed towards the open end of the
structure (Figure 7). At 203 K the motion (tumbling) of the
included guest, which is responsible for the chemical ex-
change between the two ethyl substituents, is slow on the
1H NMR spectroscopy timescale. Thus, the protons of the
two ethyl substituents of the cyclopentadienyl ligands of 2c+


become chemically nonequivalent as a result of the inclusion


process and the anisotropic magnetic shielding properties of
1.
Generally, spinning of the guest along the C4 axis of resor-


cinarene-based hosts is fast on the 1H NMR spectroscopy
timescale, but the tumbling motions of the guest that occur
perpendicular to this axis can be slow.[16] We calculated the
rate constant for the tumbling rotational motion of 2c+ in 1
(by integration of the cross peaks and the diagonal peaks of
the signals of the ethyl group) to be k1=k�1=6.70 s


�1, which
corresponds to a free energy barrier of DG¼6 =10.95 kcal
mol�1. The presence of the ethyl substituents in 2c+ reduces
the rate of tumbling compared with the unsubstituted guest
2a+ , for which we were unable to freeze out the fast rota-
tional motion of the guest inside the host on the 1H NMR
spectroscopy timescale.
DFT-based calculations yielded three different geometries


as energy minima for the 2c+@1 complex (Figure 7). In all
the geometries, the central metal atom of the guest is not lo-
cated as deeply inside cavitand 1 as observed for the non-
substituted guests 2a+ and 2b+ . In line with the 1H NMR


Figure 5. a) Observed changes in the proton signals of the cyclopenta-
dienyl (C5H4Et) ligands for the 2c+@1 complex during a VT 1H NMR
experiment (from RT to 203 K) ([1]=1.16 mm and [2c+]=5.5 mm in
[D6]acetone). b) Expanded region of an EXSY experiment (6.00–
3.00 ppm) performed at 203 K with the same sample (mixing time=


0.3 s). * indicates residual water from the deuteriated solvent.


Figure 6. a) Observed changes in the upfield region of the 1H NMR spec-
tra of the 2c+@1 complex during a VT 1H NMR experiment (from RT to
203 K; [1]=1.16 mm) and [2c+]=5.5 mm in [D6]acetone). b) Expansion
of the upfield region of an EXSY experiment (�3.00 to 2.50 ppm) per-
formed at 203 K with the same sample (mixing time=0.3 s).
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data, the calculations predict that 2c+ preferentially adopts
a pseudoequatorial orientation inside host 1 with one of the
ethyl moieties of the guest located deep inside the cavitand.
For the nonsubstituted guest 2a+ we showed that the metal-
locenium guest can easily adopt two different extreme geo-
metries (axial/equatorial) without significant loss of bonding
energy with the host. The preferred orientation of the sub-
stituted guest 2c+ inside host 1, therefore, seems to be
mainly governed by the steric requirements of the guest
inside the host. Clearly, purely axial and/or equatorial orien-
tations of the guest inside the host, as observed for guests
2a+ and 2b+ , would lead to significant steric repulsion be-
tween the ethyl substituents of the guest and the walls of
this host. This steric argument is also in line with the experi-
mentally observed slower tumbling rate of guest 2c+ in host
1 in comparison with cobaltocenium guest 2a+ because this
tumbling motion would require the formation of sterically
congested axial and equatorial ACHTUNGTRENNUNGstructures.
The three structures in Figure 7 have very similar energies


and mainly differ in the orientations of the two ethyl moiet-
ies of guest 2c+ . All three are probably present in solution
and interconvert rapidly by rotation of the two alkyl moiet-
ies around the cyclopentadienyl�CH2 bond. From the ener-
getic data depicted in Figure 7, average 1H NMR chemical
shifts for the protons of the guest inside host 1 at 200 K
were calculated (assuming slow rotational motion of the
guest on the 1H NMR spectroscopy timescale). The calcula-
tions predict average values of d=�2.1 and �0.7 ppm for
the CH3 and CH2 groups of the ethyl substituent of the
guest that is included deeper inside the cavitand. These
values are in moderate agreement with the experimentally
observed values of d=�2.7 and �1.7 ppm. In addition, the
values of d=1.1 and 2.1 ppm calculated for the CH3 and


CH2 groups of the ethyl substituent located at the open end
of the cavitand reproduce much better the experimental
values of d=0.8 and 1.9 ppm. Also, the average chemical
shift predicted for the protons of the cyclopentadienyl
moiety deep inside the cavitand is d=3.3 ppm and compares
favorably with the experimental value of d=3.2 ppm.
The correlation between the experimentally determined


and the theoretically calculated chemical shifts is least good
for the protons in the upper cyclopentadienyl moiety. Al-
though experimentally chemical shifts of d=4.5 and 4.6 ppm
were obtained for these protons, calculations predicted an
average chemical shift of d=4.1 ppm for all four protons. It
should be borne in mind, however, that the model host we
used in our calculations lacked the ethyl substituents of the
upper-rim amide moieties. From the structures in Figure 7 it
is clear that the incorporation of these alkyl moieties into
the model would alter the microenvironment around the
upper cyclopentadienyl moiety of the encapsulated guest for
all three structures. In addition, calculations were performed
in the gas phase and therefore do not describe the effect of
solvent on the microenvironment of the protons of the
guest. Although this effect will be small for deeply encapsu-
lated protons, it will be more pronounced for protons that
are accessible to solvent molecules. In particular, the de-
shielded protons of the metallocene cyclopentadienyl moiet-
ies will be highly sensitive to these environmental effects.


Cyclopentadienyl[1-methyl-4-(1-methylethyl)benzene]ruthe-
nium guest 2d+ : The complexation of 2d+ by host 1 was
studied by 1H NMR spectroscopy through the addition of in-
cremental amounts of guest to a 2.90 mm solution of 1 in
[D6]acetone. At room temperature both the signals of the
host and the guest are involved in a slow chemical exchange
on the 1H NMR spectroscopy timescale between the free
and bound states. The association constant for the inclusion
complex was simply determined from the relative areas of
the signals of the aromatic and amide protons of the free
and bound receptor (Figure 8). Similarly to the observations
for the complexation of cobaltocenium-based guests 2a+


Figure 7. Optimized geometries for the inclusion complexes of 1,1’-dieth-
ylcobaltocenium guest 2c+ in host 1. All of the hydrogen atoms and one
wall of the cavitand have been removed for clarity. The calculated chemi-
cal shifts of the guest�s hydrogen atoms inside the host, relative to TMS,
are shown in bold. The values in italics beneath each structure denote
the energy of the complex in kcalmol�1 relative to the lowest-energy
isomer. En and Ex refers to the relative endo or exo orientation of the
methyl groups of 2c+ with respect to the metallic center.


Figure 8. Changes in two regions of the 1H NMR spectra acquired at
298 K (500 MHz, [D6]acetone) during the titration of 1 with 2d+ . ([1]=
2.90 mm).
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and 2c+ to host 1, the addition of substituents to the ben-
zene moiety of guest 2b+ led to a decrease in the stability
constant of the resulting inclusion complex (Table 1). Sur-
prisingly, the stability constants calculated for the inclusion
complexes 2c+@1 and 2d+@1 are very similar, despite their
very different substitution patterns (Table 1).
All the proton signals of the ruthenium guest 2d+ shifted


upfield upon inclusion within the cavity of host 1. The larg-
est upfield shifts were observed for the proton signals that
correspond to the isopropyl substituent (Dd=�3.6 ppm for
CH3 and Dd=�3.5 ppm for CH) of the benzene ligand and
for two aromatic protons of the benzene (C6H4) ligand
(Dd=�1.9 ppm) of 2d+ . The complexation-induced chemi-
cal shift changes detected for the signals assigned to the cy-
clopentadienyl ligand protons (Dd=�0.7 ppm), to two other
aromatic protons of the benzene moiety (Dd=�0.8 ppm),
and to the methyl substituent of the benzene ligand (Dd=


�0.3 ppm) are considerably smaller (Figures 9 and 10).
These observations suggest that the benzene ligand and the
isopropyl substituent penetrate deep inside the cavity,
whereas the methyl and cyclopentadienyl moieties point to-
wards the open end of the receptor cavitand 1.


We performed an EXSY experiment at room temperature
on a 2.90 mm solution of cavitand 1 and 4.39 equiv of the
cation 2d+ to calculate the rate of self-exchange of the
guest (Figure 9). We determined a rate constant of kout=
3.66 s�1, which corresponds to a chemical exchange barrier
of DG 6¼diss=16.67 kcalmol


�1 for the guest exiting the host.
Clearly, decomplexation of included 2d+ from host 1 occurs
at a faster rate than the decomplexation of 2a+ from the
same host. Breaking down the energy barrier into its com-
ponents as we did previously for complex 2a+@1 leads to a


similar reorganization energy of the host (DG6¼conf=
DG6¼diss�DG2a+@1=12.90 kcalmol�1). This suggests that con-
formational reorganization of the host to allow guest ex-
change should be very similar in the two complexes.
The optimized structures obtained for the nonsubstituted


ruthenium system 2b+@1 were used as a starting point for
the theoretical assessment of the geometries of the inclusion
complex 2d+@1. Addition of a methyl and an isopropyl
group to the benzene moiety of 2b+ yields two axial and
two equatorial structures for the complexation of 2d+ in
host 1. Optimization of these structures yielded the geome-
tries, the calculated 1H NMR chemical shifts, and the rela-
tive energies (Figure 10). We were unable to obtain a stable
axial structure in which the p-cymene moiety is located
inside the cavitand due to extensive steric repulsion between
the bulky p-cymene group of the guest and the walls of host
1.
In line with the 1H NMR data, the lowest-energy structure


is not the axial geometry 2d+@1-ax, as was the case for the
nonsubstituted guest 2b+ , but the pseudoequatorial geome-
try 2d+@1-eq2 in which the isopropyl group of the guest is
located inside the cavitand. Although the calculated prefer-
ence for this geometry over the axial geometry is very small,
the experimental preference is probably considerably larger
due to additional steric repulsion between the ethyl groups
of the amide functions present in the upper rim of host 1
used for the experimental studies and the isopropyl and
methyl moieties of the guest in the 2d+@1-ax geometry.
Moreover, solvophobic effects that may favor the inclusion
of the aliphatic groups of 2d+ inside the cavitand are not re-
produced by these gas-phase calculations. In addition, the
isopropyl group of the guest perfectly fills the cavity of host
1, and consequently, conformation 2d+@1-eq2 will also be
favored entropically over the other geometries.
The shortcomings in our theoretical model of the cavitand


and the small energy differences between different orienta-
tions of the guest hampers an unambiguous determination


Figure 10. Optimized geometries for the inclusion complexes of guest
2d+ with host 1. All of the hydrogen atoms and one wall of the cavitand
have been removed for clarity. The calculated chemical shifts of the guest
hydrogen atoms inside the host, relative to TMS, are shown in bold.
Values in italics beneath each structure denote the energy of the complex
in kcalmol�1, relative to the lowest energy isomer.


Figure 9. EXSY spectrum (500 MHz, [D6]acetone) of 1 ([1]=2.90 mm)
containing 4.4 equivalents of 2d+ at 298 K (mixing time 0.3 s).
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of the preferred complexation mode(s) of guest 2d in host 1
based purely on the relative energies of the different struc-
tures shown in Figure 10. We can, however, compare the cal-
culated 1H NMR chemical shifts of the different structures
of the complexes with the experimentally observed values.
First, the large upfield shifts of the signals of both the CH3
and CH protons of the isopropyl group of 2d+ are only con-
sistent with the values calculated for the isopropyl group in
structure 2d+@1-eq2. Secondly, the predicted large upfield
shifts of the signals of the methyl moiety of 2d+ in 2d+@
1-eq1 and the cyclopentadienyl moiety of the guest in 2d+@
1-ax are not observed experimentally. Consequently, we con-
clude that structures 2d+@1-ax and 2d+@1-eq1 are not
present in solution in detectable concentrations and that the
theoretical model, despite the aforementioned limitations,
does reproduce the most favorable coordination mode of
2d+ inside host 1 observed experimentally.
Similarly to what we discussed previously for the


1,1’diethyl-substituted cobaltocenium guest 2c+ , the chemi-
cal shifts calculated for the included aliphatic protons of
guest 2d+ are also in reasonable agreement with the experi-
mental values. Larger discrepancies between the calculated
and experimental chemical shifts are found for protons that
are accessible to the solvent and/or are located in close
proximity to the upper rim of the cavitand. The differences
between the experimental and calculated 1H NMR chemical
shifts are more pronounced for this guest than for the previ-
ously studied complexes. We attribute this to the shallower
inclusion of this guest inside 1 relative to the other guests.
This is a result of the preferential inclusion of the large iso-
propyl group inside the cavitand, which makes the rest of
the protons of guest 2d+ more accessible to the solvent.


Conclusion


We have experimentally investigated the formation of kinet-
ically and thermodynamically stable inclusion complexes of
various transition-metal sandwich complexes with self-fold-
ing cavitand 1. The rotational motions of the included met-
allocenes within cavitand 1 have also been studied. Small
transition-metal guests, such as 2a+ and 2b+ , tumble and
spin freely inside 1, easily interconverting between different
complex geometries. The possible binding geometries of the
inclusion complexes were investigated by electronic struc-
ture methods (DFT-based calculations). For small guests
2a+ and 2b+ , DFT calculations predict a small preference
for the formation of geometries in which the guest is com-
plexed in an axial fashion. Equatorial complexation of the
guest is not prohibitively high in energy, however, in line
with the fast tumbling motion of these guests observed ex-
perimentally.
The presence of alkyl substituents in the aromatic ligands


of the metallocene guests, as in 2c+ , reduces the rate of the
tumbling motion of the guest inside the host�s cavity. The
cationic and asymmetric cyclopentadienyl ACHTUNGTRENNUNG(benzene)-
ACHTUNGTRENNUNGruthenium metallocene guest with a bulky isopropyl sub-


stituent on the benzene ligand, 2d+ , shows the preferential
formation of a single binding geometry in which the isopro-
pyl group is located deep inside the cavity. The guest inside
the resulting inclusion complex does not display any sign of
the tumbling motion. In addition, the alkyl substitution in
guests 2c+ and 2d+ led to a considerable lowering of the
stability constants of the corresponding inclusion complexes
relative to those of the unsubstituted metallocenes, which
demonstrates the strong size-selectivity of host 1. The com-
bined experimental and theoretical results presented herein
provide an insight into the different complexation behavior
of the different guests towards host 1, as well as showing the
effect of the shape and size of the guest on its dynamic
motion inside the host.


Experimental Section


Synthesis : Complexes 2a+ ·PF6
�, 2c+ ·PF6


�, and 2d+ ·PF6
� were purchased


from Sigma–Aldrich or ABCR Gmbh and used without further purifica-
tion. Cavitand 1[17] and the ruthenocenium guest 2b+ ·Br�[18] were pre-
pared as described in the literature. All solvents were of HPLC grade
quality, obtained commercially, and used without further purification.
Anhydrous solvents were collected from solvent purification system SPS-
400-6 from Innovative Technologies. Flash column chromatography was
performed on silica gel Scharlab60. 1H NMR spectra were recorded
either on a Bruker Avance DRX-400 or a DRX-500 spectrometer with
residual nondeuteriated solvent as the internal standard.
1H NMR titrations : All titrations were carried out on a Bruker 500 MHz
spectrometer in [D6]acetone by using solutions of octaamide host 1 at
298 K and adding aliquots of a solution of the relevant sandwich complex
2a+–2d+ (in the same solvent), which was approximately 10 times more
concentrated than the host solution. The concentration of receptor 1 was
kept constant throughout the experiment. The association constants for
the host–guest complex formed between octaamide host 1 and sandwich
complexes 2 were simply determined from the relative areas of the
1H NMR signals for free and bound 1. The reported errors for the stabili-
ty constants were estimated as the square root of the sum of the square
of the standard deviation obtained from at least three experimental
values of the binding constants determined in three experiments per-
formed at different molar ratios of 1 to 2.


EXSY experiments : The 2D NOESY spectra of solutions containing re-
ceptor 1 with an adequate molar excess of the corresponding guest (2a+–
2d+) were recorded with the phase-sensitive NOESY pulse sequence
supplied with the Bruker software. A mixing time of 300 ms and a 3 s re-
laxation delay between pulses was employed. The temperature of the
probe was set at 298 K during the experiment with 2a+ , 2b+ , and 2d+


and at 203 K for 2c+ . For each of the 512 F1 increments, 32 scans were
accumulated. Before Fourier transformation, the FIDs were multiplied
by a 908 sine-square function in both the F2 and F1 domains. 1K and 1K
real data points were used in both dimensions. Integral values of the two-
dimensional peaks were obtained from the spectra by using the Bruker
processing software. The rate constants kin and kout were derived from the
exchange intensity matrix based on the integration of a signal of the free
and bound guest (cyclopentadienyl protons for 2a+ and 2b+ , the ethyl
group for 2c+ , and the isopropyl moiety for 2d+) performed by using the
ESXYCALC program (Mestreclab Research).[10,19]


Isothermal titration calorimetry (ITC) studies : ITC data were obtained
on a VP-ITC MicroCalorimeter (MicroCal, LLC, Northampton, MA).
The calorimetric titrations were performed by injecting 5 mL aliquots of a
solution of cobaltocenium complex 2a+ in acetone, approximately seven
times more concentrated than the cavitand 1 ([1]=6.6 mm, acetone) solu-
tion placed in the cell. After the reference titration had been subtracted,
the association constant and the thermodynamic parameters were ob-
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tained from the fit of the revised titration data to a theoretical titration
curve by using the one set of sites model of the Microcal ITC Data Anal-
ysis module provided by MicroCal, LLC.


Electrochemical analysis : The cyclic voltammetry (CV) experiments were
carried out by using an EC Epsilon Electrochemica Analyzer (C3-Cell
Stand). A glassy carbon disk working electrode (0.071 cm2), a platinum
wire counter electrode, and a nonaqueous Ag/AgCl reference electrode
were fitted to a single-compartment cell for the voltammetric experi-
ments. The solutions were deoxygenated by purging with argon gas and
maintained under an inert atmosphere for the duration of each electro-
chemical experiment. Stirring and gas-purging were carried out by
remote control with a BASI PC-controlled potentiostat. A cyclic voltam-
mogram was recorded after each addition.


Computational details : The choice of density functional theory to de-
scribe these supramolecular systems was not a trivial one. Indeed, it has
been shown previously that most DFT methods fail to describe the dis-
persion-based interactions that are generally important in supramolecular
chemistry. The predominant attractive interaction in the systems studied
here, however, is not dispersion-based, but rather a cation–p interaction
between the positively charged metallocenium guest and the electron-
rich cavitand. This type of interaction is relatively well described by
DFT-based methods. MP2 was considered as an alternative method, but
the method seriously underestimated the cobalt–cyclopentadienyl distan-
ces in CoCp2


+ compared with values obtained previously from crystal[20]


and calculated[15] structures (see the Supporting Information). The use of
higher correlated methods that more accurately describe weak disper-
sion-based interactions and that are also able to reproduce the structures
of the sandwich complexes is not feasible due to the large size of the sys-
tems under study. Furthermore, ONIOM-type calculations, in which the
overall computational cost is reduced by treating different parts of the
system at different levels, cannot be applied here as the interaction be-
tween the host and guest involves the entire p system of the cavitand.
For this reason, the host–guest complexes reported in this study were
fully optimized at the DFT level. To reduce the computational cost, any
alkyl chains located on the lower and/or upper rim of the host 1 were re-
placed by hydrogen atoms. Several DFT functionals were evaluated by a
model system that consisted of a cobaltocenium cationic moiety sand-
wiched between two parallel benzene molecules (see the Supporting In-
formation). The B97-1[21] functional reproduced the preferred orientation
of the cobaltocenium between the two benzene moieties, and cobalt–ben-
zene distances were determined at the MP2 and MP4//DFT levels of
theory as well as the geometrical parameters of the metallocenium
moiety in the crystal structure of CoCp2PF6.


[20] This functional was conse-
quently used in the rest of this study. Note that these observations are in
line with previous benchmark studies that showed that the B97-1 func-
tional performs well in describing systems containing nonbonding interac-
tions.[22] All density functional theory based calculations were performed
in Jaguar (version 6.5).[23] The calculations were performed by using the
pseudospectral LACVP* basis set,[24] which consists of the 6-31G* basis
set for nonmetal atoms and the Los Alamos effective core potentials and
basis sets developed by Hay and Wadt for the metal atoms. Ultrafine in-
tegrals and an ultrafine DFT grid were employed throughout the calcula-
tions. The SCF energy convergence criterion was set to 1L10�8 a.u. and
the RMS density matrix element change criterion was set to 1L10�6. De-
fault geometrical convergence criteria were used in the geometry optimi-
zation process for all the reported structures. Gas-phase NMR shielding
constants were calculated by using the NMR module in the Jaguar pro-
gram and values are reported relative to the shielding constants of tetra-
methylsilane, calculated at the same level of theory. Solvation effects on
gas-phase optimized structures were evaluated by using a Poisson–Boltz-
mann implicit solvation model. Cyclohexane (e=2.023, probe radius=
2.777 Q) and water (e=80.37, probe radius=1.400 Q) were chosen as
model solvents.
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Introduction


Metal ions are important structural and signalling elements
in anion-binding and sensing systems.[1–10] The metal may
play either i) a structural role,[11–15] ii) it may form a key com-
ponent of the anion binding site[3,16,17] or iii) it may act as
part of a redox, luminescent or colourimetric reporter
group.[7,10,18–23] Generally inert metal-containing fragments
such as metallocenes, arene complex of d6 metals, or tris(bi-
pyridyl) type complexes have been used predominantly in a
reporting role.[9,10,24, 25] More recently there has been a trend
toward self-assembling systems in which a more labile
metal, along with the anion and a series of multifunctional
ligands together form a complex under thermodynamic con-
trol.[26–29] Within this context the semilabile (arene)rutheni-
ACHTUNGTRENNUNGum(II) piano stool type complexes represent a readily syn-
thesised scaffold that has proved useful in anion binding


studies.[30,31] In the presence of an anionic ligand a molecular
cleft can be created in which the single overall positive
charge on the metal fragment complements monovalent
anions bound within a binding pocket engineered by ligand
design. In the present paper we report the synthesis, struc-
ture, anion binding and fluorescent properties of a series of
such metal-based receptors. Part of this work has appeared
in a preliminary communication.[32]


Results and Discussion


Synthesis and characterisation : Ligands L1–L5 were pre-
pared by reaction of the appropriate pyridine carboxalde-
hyde with the relevant amine. The simple synthetic proce-
dure involves a condensation step followed by the reduction
of the imine, using NaBH4, to produce a secondary amine.
Reactions were carried out in 1,2-dichloroethane at reflux
for 6 h and products were fully characterised. Reaction of li-
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gands L1–L4 with the chloro-bridged dimer [{Ru(h6-
C6H4MeCHMe2)Cl ACHTUNGTRENNUNG(m-Cl)}2],


[33] gave mono-adducts of type
[Ru(h6-C6H4MeCHMe2)Cl2(L)] (L=L1–L4, compounds 1a–
d) similar to known analogous compounds.[34] Further reac-
tion of these mono-adducts with one equivalent of AgBF4


and an additional ligand in methanol/acetone (1:1, v/v) sol-
vent mixture gave monocationic Ru(II) complexes [Ru(h6-
C6H4MeCHMe2)Cl(L)2] ACHTUNGTRENNUNG[BF4] (L=L1–L4, compounds 2a–d).
The new complexes were fully characterised by elemental


analysis, ESI-MS, IR spectroscopy (nujol) and 1H and
13C{1H} NMR spectroscopy. For compound 2c it proved very
difficult to remove traces of [Ru(h6-C6H4MeCHMe2)Cl-
ACHTUNGTRENNUNG(H2O) ACHTUNGTRENNUNG(k-N-L3)] ACHTUNGTRENNUNG[BF4] (identified by the diastereotopic
nature of its 1H NMR spectrum), which was present as a
�10% impurity in the samples studied. In contrast to L1–L4,
the reaction of [{Ru(h6-C6H4MeCHMe2)Cl ACHTUNGTRENNUNG(m-Cl)}2] with L5


(1:1 ratio of L5/Ru) did not result in a product of type 1, but
gave a cationic chelate complex [Ru(h6-C6H4MeCHMe2)-
ACHTUNGTRENNUNGCl(k-N,N’-L5)]Cl (3). In contrast to compounds of type 1,
which retain two chloride ligands in the mass spectrum, the
ES+ mass spectrum of 3 shows a peak at m/z=455 assigned
to the molecular cation. The 1H NMR spectrum of 3 pro-
vides clear evidence for the chirality of the metal centre
with separate signals for the diastereotopic methyl groups
on the isopropyl substituent, a characteristic diastereotopic
AA’BB’ pattern for the p-cymene aromatic ring, and a dou-
blet of doublets for the methylene protons of L5. In contrast,
analysis of the 1H NMR spectra of type 1 compounds does
not show diastereotopic splitting, thus confirming that the
metal centre is not chiral. The chemical shift of the NH res-
onance at d=11.50 ppm in 3 is also very significantly differ-
ent from compounds of type 1 in which the NH resonance
occurs at d�4–6 ppm (d=4.40 ppm in compound 1a, for ex-
ample). The ionic nature of 3 was confirmed by counter
anion metathesis with NaBPh4 in methanol, which gave a
precipitate of [Ru(h6-C6H4MeCHMe2)Cl(k-N,N’-L5)] ACHTUNGTRENNUNG[BPh4].
The 1:1 ratio between the complex cation in 3 and BPh4


�


ion was confirmed by 1H NMR spectroscopy. In DMSO, the
formation of a further chiral product from 3 was observed
by 1H NMR spectroscopy that lacked the very low field res-
onance assigned to the NH proton in 3. This product most
likely arises from displacement of the secondary amine by
the coordinating solvent to give chiral [Ru(h6-
C6H4MeCHMe2)Cl ACHTUNGTRENNUNG(DMSO) ACHTUNGTRENNUNG(k-N-L5)] ACHTUNGTRENNUNG[BPh4].
In the 1H NMR spectra there is a significant difference in


the chemical shift values for the NH resonance of the free li-
gands compared to adducts of 1 and to cations of type 2.
For example, the NH resonance in the free ligand L2, occurs
at d=4.92 ppm, in the mono-adduct 1b at d=5.94 ppm and
in the monocationic host 2b at d=6.67 ppm. In addition to
effects arising from the coordination to the Ru(II) centre
the downfield chemical shift of this resonance suggests en-
hanced hydrogen bonding in 2b compared to the free ligand
and 1b, and presumably arises from hydrogen bonding to
the BF4


� ion.
Interestingly, the 1H NMR spectra of complexes 2a–c all


exhibit an AB quartet resonance assigned to the methylene
protons, Ha,a’ and Hb,b’, for example, in 2a at d=4.40 and
4.32 ppm, with 2J=17.2 Hz, consistent with geminal coupling
(in some cases further split by vicinal coupling to NH). Al-
though this splitting is also observed in 3 it is not evident in
the 1H NMR spectra of the free ligands or monoadducts of
type 1. As compounds 2a–c are not chiral (no splitting of
the p-cymene ligand resonances is observed), the inequiva-
lence of protons Ha and Hb must arise from the fact that the
molecule is point group Cs and Ha and Hb are not related to
one another by the mirror symmetry of the molecule. In-
stead, the mirror plane relates Ha to Ha’ and Hb to Hb’ and
hence Ha and Hb are diastereotopic. Note that the protons
are diastereotopic even without invoking any restricted rota-
tion, for example arising from intramolecular NH···Cl or
CH···Cl hydrogen bonding—indeed molecular models sug-
gest that any such association is unfeasible. In principle dia-
stereotopic protons should also be observed for the para
isomer 2d (prepared as a control), however, only a broad
doublet resonance (NH coupling) is observed for the meth-
ylene protons, which are perhaps too far away from the
metal centre for the magnetic inequivalence to be observed.
A dilution study on compound 2a in CDCl3 shows that the
NH and methylene resonances remain essentially unchanged
across the concentration range 1.9–31.0 moldm�3 ruling out
any intermolecular association as an alternative explanation
of the magnetic inequivalence.
Attempts were made to characterise the new complexes


by X-ray crystallography, however in every case crystals
were not forthcoming. However, changing the p-cymene
ligand for hexamethylbenzene by reaction of L1 with [{Ru-
ACHTUNGTRENNUNG(h6-C6Me6)Cl ACHTUNGTRENNUNG(m-Cl)}2] did yield a sample of the hexamethyl-
benzene analogue of 1a, [Ru ACHTUNGTRENNUNG(h6-C6Me6)Cl2(L


1)] (4) that was
characterised by X-ray crystallography. The structure is
shown in Figure 1 and comprises the usual piano-stool ge-
ometry with two terminal chloride ligands and a single uni-
ACHTUNGTRENNUNGdentate pyridyl N-bound aminomethylpyridine ligand. Bond
lengths and angles are within the normal ranges. The amine
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NH proton is engaged in a single NH···Cl interaction[35–37] to
an adjacent molecule.


Anion binding : The anion complexation ability of the new
host complexes 2a, 2b and 2c was determined by 1H NMR
spectroscopic titration with the tetrabulylammonium salts of
a number of common anions in CDCl3. Anion binding by 1a
and 1b was also studied as a control. Anion binding con-
stants for the formation of 1:1 and 2:1 host/guest complexes
are given in Table 1. The use of both 1:1 and 2:1 stoichiome-
try models for complexes 2a and 2b is consistent with previ-


ous work on 3-aminopyridine derivatives, which showed the
formation of compounds in which a single anion is sand-
wiched between two hosts.[31] The inclusion of this second
equilibrium resulted in a much improved fit to the titration
data compared to a 1:1 model alone. Job plot analysis of 2a
binding Br� also confirmed the 2:1 host/guest stoichiometry
and an ESI mass spectrum of 2a in the presence of half an
equivalent of NBu4Br gave a peak at m/z 1357, correspond-
ing to [(2a)2Br]


+ . In contrast, the Job plot for the analogous
chloride complex suggested a 1:1 stoichiometry despite the
fact that a better fit to the titration data was obtained for
the model including both 1:1 and 2:1 complexes (Figure 2).
The fact that the second binding constant is small may ex-
plain the anomaly.


Binding by hosts 2a and 2b is strongest with chloride, the
most densely charged anion, followed by H2PO4


� in the case
of 2a and acetate, the most basic anions, followed by bro-
mide and then the relatively charge-diffuse nitrate anion.
There is a significant enhancement in all binding constants
on moving to the nitro-substituted host 2b consistent with
the electron withdrawing nature of the nitro substituent and
consequent increased H-bond acidity of the secondary
amine NH protons. Titrations were attempted with HSO4


�


and H2PO4
� with 2b, but resulted in precipitation. Unlike


2a and 2b, a 1:1 and 2:1 host/guest model fitted the data for
2c very poorly. However, a model involving the binding of
two anions by a single host gave good agreement to the
data. It is likely that the much larger size of the carbazole
substituent prevents two hosts from encapsulating a single
anion in this case. In terms of affinity, however, the com-
pound proved similar to 2a and 2b with modest selectivity
for chloride and acetate. Nitrate binding is relatively weak
and inclusion of a 1:2 complex in the model did not result in
any significant improvement in the fit. The control com-
pounds of type 1 proved to have essentially no anion affini-
ty, highlighting the importance of the charge and anion che-
late effect in hosts 2 despite the need to compete with the
BF4


� counterion in the latter compounds. Virtually no dis-
placement of the unidentate pyridyl ligands was observed


Figure 1. X-ray crystal structure of [Ru ACHTUNGTRENNUNG(h6-C6Me6)Cl2(L
1)] (4) showing


the NH···Cl hydrogen bonding, N···Cl 3.436(3) N (50% displacement el-
lipsoids).


Table 1. Anion binding constants (log b) for 1:1, 1:2 and 2:1 host/guest
complexes in CDCl3 at 20 8C. Anions added as NBu4


+ salts, host concen-
tration 0.006 moldm�3 (hyphen indicates not measured).


log b


Anion 1a 1b 2a 2b 2c[b]


Cl� �0 b11


2.00(2)
b11


3.64(3)
b21


6.01(9)


b11


4.04(3)
b21


6.66(9)


b11


3.95(3)
b12


7.03(4)
Br� – – b11


3.28(2)
b21


5.32(9)


b11


3.71(3)
b21


6.30(9)


b11


3.38(3)
b12


5.69(9)
NO3


� �0 – b11


2.06(14)
b21


3.92(7)


b11


3.44(4)
b21


6.11(9)


b11


3.23(6)


MeCO2
� – – b11


3.53(10)
b21


2.06[a]


b11


4.14(2)
b21


7.11(12)


b11


3.41(2)
b12


6.20(2)
HSO4


� – – b11


3.40[a]


b21


5.11[a]


[c] –


H2PO4
� – – b11


3.67(11)
b21


6.18(15)


[c] –


CF3SO3
� �0 – b11


1.94[a]


b21


2.19[a]


b11


2.30(7)
b21


4.54(5)


�0


[a] Large error. [b] Corrected for the presence of [Ru(h6-
C6H4MeCHMe2)Cl ACHTUNGTRENNUNG(H2O) ACHTUNGTRENNUNG(k-N-L3)] ACHTUNGTRENNUNG[BF4]. [c] Precipitate.


Figure 2. Titration data showing chemical shift changes of the pyridyl-H
resonances for 2a.
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during the titrations even in the presence of nucleophilic
anions such as Cl�, in contrast to previous work on 3-amino-
pyridine derivatives.[31] The possible displacement of L3 by
one equivalent of chloride in 2a to give 1a was studied as a
function of time. After one hour, a very small amount of 1a
is evident (�2%), After 5 h about a 10% conversion is ob-
served rising to 40% of the mixture after �40 h. The anion-
binding equilibria are summarised in Scheme 1.


Surprisingly, on addition of strongly bound anions, the res-
onances assigned to the diastereotopic methylene protons
Ha and Hb in the 1H NMR spectra of compounds 2a, 2b and
2c gradually collapsed to a singlet. In contrast, weakly inter-
acting anions such as CF3SO3


� do not affect the appearance
of the resonance even after the addition of a fivefold excess,
Figure 3. Generally the 1H NMR spectroscopic resonances
assigned to the methylene protons Ha and Hb of the nitro
host 2b coalesced into a singlet with less added anion than
for 2a. In both cases (2b and 2a) the anion/host ratio re-
quired is approximately inversely proportional to the anion
binding constant. For example compound 2a gives a singlet
methylene resonance after the addition of only 0.4 equiva-
lents of Cl�, whereas 0.8 equivalents of acetate and two
equivalents of nitrate are required to achieve coalescence. It
took more equivalents still to collapse the AB quartet to a
singlet for 2c than for both 2a and 2b, thus the loss of the
geminal coupling appears to correspond with the strength of
interaction with the anions in each case. To remove the in-
equivalence of protons Ha and Hb in complexes of type 2,
anion binding must either induce a time-averaged plane of
symmetry running along the N-Ru-N axis or involve tempo-
rary dissociation of the pyridyl ligand. The latter explana-
tion seems relatively unlikely because we have shown that
the displacement of the ligand to regenerate 1a in the pres-


ence of chloride takes hours to days (see above). The mag-
netic equivalence is also unlikely to occur by anion associa-
tion to form a transient 20-electron complex since this
would not result in increased symmetry in any case other
than Cl� binding. In our view the most likely explanation is
chloride loss to form a transient 16-electron complex in
which the two pyridyl ligands can become co-planar. We
suggest therefore strong anion association in hosts 2 leading
to increased lability of the coordinated chloride ligand as a
result of electrostatic repulsion, such that in the presence of
tightly bound anions X� the complex is rapidly interconvert-
ing between the 18-electron [Ru(h6-C6H4MeCHMe2)Cl ACHTUNGTRENNUNG(L


1–


3)2]
+ ·X� and the transient 16-electron [Ru(h6-


C6H4MeCHMe2) ACHTUNGTRENNUNG(L
1–3)2]


2+ ·X�·Cl�. Sixteen electron Ru(II)
intermediates are well known in the substitution chemistry
of 6-coordinte 18 electron species.[38] We present this explan-
ation tentatively since we cannot rule out the possibility that
anion binding induces a conformational change that moves
the methylene group just far enough away from the metal
centre on average to render the splitting unobservable even
though the methylene protons remain formally inequivalent.
Such a situation appears to be the case for the para isomer
2d which does not exhibit splitting despite the formal mag-
netic inequivalence of the methylene protons.


Photophysical binding studies : The carbazole derivative 2c
was designed as a fluorescent anion chemosensor. The free
ligand L3 in acetonitrile exhibits a single band in its UV/Vis
spectrum at l=377 nm and in its fluorescence spectrum a


Scheme 1. Anion binding by complexes 2 forms both 1:1 and 2:1 host/
guest complexes.


Figure 3. 1H NMR spectra of the methylene region of host 2a in CDCl3
as a function of a) added NBu4


+Br� and b) added NBu4
+CF3SO3


�


(bottom to top 0, 0.2, 0.5, 1.0 and 5.0 equivalents of anion).
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broad emission centred on l=430 nm. To understand the
photophysical properties of the system we undertook time-
dependent DFT calculations, which suggested that the first
excited state of the ligand gives rise to a broad band at
about l=350 nm (l=377 nm observed in acetonitrile) and
involve charge transfer from the carbazole to the pyridyl
group. The dominant single particle–hole configuration (ci=
0.690) of the first excited state is seen in Figure 4 and can be
ascribed to intraligand charge transfer (ILCT).


Coordination of L3 to ruthenium(II) to give 1c results in
complete quenching of this ILCT emission and the complex
is essentially non-emissive, even though both 1c and 2c give
rise to a similar absorption at l=377 nm (with a significant-
ly higher extinction coefficient for 2c). Titration of 1c with
NBu4


+Cl� does not result in any restoration of the fluores-
cence. Complex 2c, however, exhibits a broad emission at
longer wavelength (l=474 nm) compared to the free ligand
(Figure 5).


The ability of 2c to act as a fluorescent anion sensor was
probed by spectrofluorimetric titration with a number of dif-
ferent anions in acetonitrile. Addition of the non-coordinat-
ing CF3SO3


� resulted in a slight increase in the emission in-
tensity, but no change in wavelength (see the Supporting In-
formation), consistent with the fact that this anion is ex-
tremely weakly bound by these types of host. In contrast,
addition of Cl�, Br�, NO3


� and MeCO2
� all resulted in par-


tial quenching of the fluorescence (factor of �2.5) and a


shift to shorter wavelength (l=447 nm for Cl�, Br� and
MeCO2


� ; l=456 nm for NO3
�), but not to the same wave-


length as the free ligand (l=430 nm), Figure 6. In each case


changes were complete after addition of one equivalent of
anion. This suggests that the quenching is a result of solely
the 1:1 complex. The chemical shift data obtained by NMR
spectroscopic titration strongly suggests that hydrogen bond-
ing of a pyridyl CH group (Figure 2) as well as the amine
NH donor to these anions, and hence the interaction of
anions with the pyridyl unit, may reduce its electron accept-
or ability, and hence lower the emission wavelength.
The structural and electronic properties of 1c, 2c and


2c·Cl� were also probed by time-dependent DFT calcula-
tions using benzene as a model for p-cymene. In the case of
1c the calculations indicate a broad absorption band around
l=350 nm assignable to an ILCT transition very similar to
that observed in the free ligand L3 consistent with the ob-
served similarity in their absorption spectra. In 1c there are
three electronic states which give rise to this broad band.
States 2 and 3 (see the Supporting Information) are domi-
nated by ILCT configurations. State 1 is an interesting
mixed state consisting of two dominant configurations in-
volving a charge redistribution around the metal centre with
some ligand-to-metal charge transfer (LMCT) component.
State 1 (Figure 7) also has a significant (c�0.1) component
of ILCT character similar to states 2 and 3. Thus, although
absorption gives rise to a similar ILCT band in L3 and 1c,
state mixing in 1c means that the system can relax in a state
involving a ruthenium d-orbital. This LMCT state is tenta-
tively assigned as the non-emissive state.
For the two-arm host 2c in the absence of anions there


are two states contributing to the absorption band around
l=377 nm. Similarly to 1c these are localised on the carba-
zole ligands, although there is no metal-based LMCT com-
ponent unlike 1c, consistent with the observed emission of
2c. The calculations also reproduce the observed twofold in-
crease in absorbance of 2c compared to 1c. The structure of


Figure 4. Electronic transition to the dominant configuration of the first
excited state of L4.


Figure 5. Fluorescent emission spectra (1.03P10�4m, MeCN, lex=375 nm)
of L3, 1c and 2c.


Figure 6. Emission spectrum of 2c (1.03P10�4m, MeCN, lex=375 nm)
upon addition of up to 10 mole equivalents of tetrabutyl ammonium ace-
tate. The arrows indicate emission after an increase in molar equivalents.
The equivalents were increased in a stepwise approach: 0, 0.5, 1, and in
integer steps from 2–10.
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2c was also optimised in the presence of a Cl� ion. The cal-
culated geometry of the resulting complex is shown in
Figure 8. The NH···Cl� and pyridyl CH···Cl� hydrogen
bonded contacts in the theoretical structure compare well


with the observed chemical shift changes, upon Cl� binding
in solution and with relevant crystallographic data on relat-
ed compounds.[39] For the 2c·Cl� system, the absorption
band consists mostly of carbazole localised transitions in a
similar way to the case when the anion is absent, however,
interestingly one strongly absorbing state in the l=370 nm
region consists of charge transfer from a chloride p-orbital
to an orbital localised over the central metal and pyridyl li-
gands. This provides a mechanism for the anion to quench
the ILCT process, Figure 9.


Conclusion


A new series of coordination compound hosts have been
synthesised. Compounds 2a and 2b bind a range of anions
with modest selectivity for Cl�, H2PO4


� and acetate, forming
both 1:1 and 2:1 host/guest complexes. These compounds
display remarkable anion-dependent diastereotopic NMR
spectra allowing for a novel means to monitor anion bind-
ing. Compound 2c behaves differently forming 1:1 and 1:2
complexes with anions. Compound 2c exhibits significant
changes in its fluorescence upon binding coordinating
anions, whereas weakly bound anions do not affect the emis-
sion. Time dependent DFT calculations suggest that absorp-
tion and hence emission in these systems involves an ILCT
process that is quenched in 1c by mixing with metal-based
orbitals in an LMCT process. This mixing does not occur in
2c but anion binding does result in quenching via a charge-
transfer state. These versatile coordination compounds thus
represent interesting and potentially tuneable fluorescent
anion sensors.


Experimental Section


General procedure for 1H NMR spectroscopic experiments : 1H NMR
spectroscopic titration experiments were carried out by using Varian
Mercury 400 spectrometer running at 400 MHz, at room temperature. All
chemical shifts are report in ppm. A specific concentration of host, typi-
cally 0.5–1.5 mm, was made up in a single NMR tube in CDCl3 (0.5 mL).
The anions, as their tetrabutylammonium salts, were made up to 1 mL,
five times the concentration of the host, with CDCl3. 10 mL aliquots of
the guest were added to the NMR tube and the spectra were recorded
after each addition. Results were analysed by using HypNMR 2006.[40,41]


General procedure for UV/Vis spectroscopic experiments : UV/Vis titra-
tion experiments were carried out using a UNICAM UV/Vis spectrome-
ter (UV2–100), which is PC-controlled by means of Vision software, at
room temperature. A specific concentration (as indicated in Figure cap-
tions) of host in acetonitrile (3.0 mL) was made up in a single quartz cuv-
ette. The anions, as their tetrabutylammonium salts, were made up to
300 mL, 10 times the concentration of the host, in acetonitrile. 15 mL ali-
quots of the guest were added to the cuvette, with a path length of 1 cm
and the spectra were recorded after each addition.


General procedure for fluorescence experiments : Fluorescence titration
experiments were carried out by using a Fluoromax-3, which is PC-con-
trolled, at room temperature. A specific concentration of host (as indicat-
ed in Figure captions) was made up in a single quartz cuvette, with a
path length of 1 cm, in the acetonitrile (3.0 mL). The anions, as their tet-
rabutylammonium salts, were made up to 300 mL, 10 times the concentra-
tion of the host, in acetonitrile. 15 mL aliquots of the guest were added to
the cuvette, the sample was excited at l =375 nm, and spectra were re-
corded after each addition.


Figure 7. The first of three states giving rise to the observed l=377 nm
(calcd l =362 nm) absorption in 1c. The MLCT component allows non-
radiative decay and hence no fluorescence is observed.


Figure 8. DFT calculated geometry for the 1:1 complex 2c·Cl� (CH hy-
drogen atoms omitted for clarity).


Figure 9. Charge transfer state involving Cl� ion in 2c·Cl�.
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DFT calculations : Geometry optimizations were performed by using the
B3LYP functional in conjunction with the following basis: the Stuttgart–
Dresden effective core potential (SDD) on the Ruthenium, the 4-31G
basis on all carbon, nitrogen and hydrogen atoms, the 6-311+G(2d) basis
on the chloride ions. If a guest Cl� was present the basis was further aug-
mented with a diffuse set of s and p functions on the peripheral hydrogen
atoms. The time-dependent calculations were performed with an enlarged
basis of 6-31G(d) on all atoms except ruthenium and chlorine, for which
the basis was as above. Although the full conformational space was not
sampled, preliminary computations were performed for each system to
ensure the most sensible host–guest binding conformation. Minima were
confirmed as such by using analytical frequency calculations. All compu-
tations were performed by using the Gaussian program.[42]


N-[(Pyridin-3-yl)methyl]benzenamine (L1): Aniline (2.05 g, 21 mmol)
and 3-pyridine carboxaldehyde (2.35 g, 22 mmol) were dissolved in dry
1,2-dichloroethane (250 mL), and magnesium sulfate (3.0 g, 25 mmol)
was added. The solution was placed under reflux for 6 h whilst stirring.
After this time the solution was filtered to remove the magnesium sul-
fate, and the solution concentrated under reduced pressure to yield the
product as an orange oil. 1H NMR (CDCl3, 400 MHz): d=8.88 (d, J=


1.9 Hz, 1H; Py-H), 8.56 (dd, J=4.6, 1.9 Hz, 1H; Py-H), 8.34 (s, 1H;
CH), 8.14 (dt, J=7.8, 1.9 Hz, 1H; Py-H), 7.32–7.08 ppm (m, 6H; Py-H,
Ar-H), 13C{1H}-NMR (CDCl3, 100 MHz,): d =157.1, 152.0, 151.4, 150.9,
134.8, 131.8, 129.2, 126.5, 123.7, 120.8, 43.5 ppm. The resulting imine was
dissolved in methanol, and whilst stirring NaBH4 (5.03 g, 13 mmol) was
added until the solution ceased to effervesce. The solution was stirred for
a further 2 h. 50:50 HCl/H2O was added until the solution was pH 3, and
then 2m NaOH was added until the solution was pH 9. The product was
extracted using dichloromethane. The organic layer was dried over
MgSO4, and then filtered. The solvent was evaporated under reduced
pressure, and the product extracted, as a white crystalline solid and re-
crystallised with dichloromethane and hexane. Yield: 3.15 g, 17 mmol,
77%; 1H NMR (CDCl3, 400 MHz): d=8.53 (dd, J=5.0, 1.0 Hz, 1H; Py-
H), 8.39 (d, J=1.5 Hz, 1H; Py-H), 7.71 (d, J=7.5 Hz, 1H; Py-H), 7.27
(m, 1H; Ar-H), 7.20 (t, J=8.0 Hz, 2H; Ar-H), 6.76 (t, J=7.5 Hz, 1H;
Py-H), 7.64 (d, J=8.0 Hz, 2H; Ar-H), 4.36 (s, 2H; CH2), 4.19 ppm (br s,
1H; NH); 13C{1H}-NMR (CDCl3, 125 MHz): d=149.4, 148.9, 135.2, 129.6,
123.8, 118.3, 113.2, 46.0 ppm; MS ACHTUNGTRENNUNG(ES+): m/z : 185 [M+]; elemental analy-
sis calcd (%) for C12H12N2: C 78.23, H 6.57, N 15.21; found: C 78.15, H
6.56, N 15.20; IR: ñ=3258 cm�1 (s).


4-Nitro-N-[(pyridine-3-yl)methyl]benzenamine (L2): 4-Nitroaniline
(13.60 g, 65 mmol) and 3-pyridine carboxaldehyde (6.93 g, 65 mmol) were
dissolved in dry 1,2-dichloroethane, and magnesium sulfate (5.00 g) was
added. The solution was placed under reflux for 6 h whilst stirring. After
this time the solution was filtered to remove magnesium sulfate, and then
concentrated under reduced pressure. The product was washed with di-
ethyl ether, and the diethyl ether was removed under reduced pressure
to yield the impure imine as dark yellow solid. 1H NMR (MeOD,
400 MHz): d=8.78 (d, J=2.4 Hz, 1H; Py-H), 8.58 (dd, J=4.8, 1.6 Hz,
1H; Py-H), 8.08 (d, J=2.0 Hz, 2H; ArH), 7.53 (dd, J=8.4, 5.6 Hz, 1H;
Py-H), 7.45 (s, 1H; Py-H), 6.77 (d, J=2.0 Hz, 2H; ArH), 6.29 ppm (s,
1H; CH); MS ACHTUNGTRENNUNG(ES+): m/z : 228 [M+]. The imine (7.0 g, 30.0 mmol) was
dissolved in methanol, and whilst stirring NaBH4 (6.0 g, 162.0 mmol) was
added until the solution ceased to effervesce. The solution was stirred for
a further 2 h. 50:50 HCl/H2O was added until the solution was pH 3, and
then 2m NaOH was added until the solution was pH 9. The product was
extracted using dichloromethane. The organic layer was dried over
MgSO4, and then filtered. The solvent was evaporated under reduced
pressure, and the product re-crystallised from dichloromethane and
hexane. Yield: 4.4 g, 19.1 mmol, 62%; 1H NMR (CDCl3, 500 MHz): d=


8.63 (s, 1H; Py-H), 8.57 (d, J=5.0 Hz, 1H; Py-H), 8.09 (dd, J=7.0,
2.0 Hz, 2H; Ar-H), 7.67 (dd, J=8.0, 2.0 Hz, 1H; Py-H), 7.30 (dd, J=8.0,
5.0 Hz, 1H; Py-H), 6.59 (dd, J=7.0, 2.0 Hz, 2H; Ar-H), 4.92 (s, 1H;
NH), 4.47 ppm (d, J=6.0 Hz, 2H; CH2);


13C{1H}-NMR (CDCl3,
125 MHz): d=149.6, 149.3, 135.2, 126.6, 124.0, 111.72, 45.4 ppm; MS-
ACHTUNGTRENNUNG(ES+): m/z : 230 [M+]; elemental analysis calcd (%) for C12H12N3O2: C
62.60, H 5.25, N 18.25; found: C 62.40, H 4.80, N 18.38; IR: ñ=


3239 cm�1 (s).


9-Ethyl-N-[(pyridine-3-yl)methyl]-9H-carbazol-3-amine (L3): 3-Amino-9-
ethylcarbazole (9.60 g, 46 mmol) and 3-pyridinecarboxaldehyde (5.00 g,
47 mmol) were dissolved in dry 1,2-dichloroethane, and magnesium sul-
fate (5.00 g) was added. The solution was placed under reflux for 6 h
whilst stirring. After this time the solution was filtered to remove magne-
sium sulfate, and then concentrated under reduced pressure to yield a
brown oil. The product was washed with diethyl ether, and the brown
solid impurities removed by filtration. The diethyl ether was removed
under reduced pressure to yield the imine as dark yellow oil. 1H NMR
(CDCl3, 400 MHz): d=8.92 (d, J=1.6 Hz, 1H; Py-H), 8.53 (dd, J=4.8,
1.6 Hz, 1H; Py-H), 8.49 (s, 1H; CH=N), 8.15 (dt, J=7.7, 1.6 Hz, 1H; Ar-
H), 7.97 (ddd, J=8.0, 0.4, 1.2 Hz, 1H; Ar-H), 7.91 (dd, J=2.0, 1.2 Hz,
1H; Ar-H), 7.33 (m, 2H; Ar-H), 7.11 (dt, J=7.2, 1.2 Hz, 1H; Py-H), 4.15
(q, J=7.2 Hz, 2H; CH2), 1.26 ppm (t, J=7.2 Hz, 3H; CH3);


13C{1H}-
NMR (CDCl3, 125 MHz): d =153.7, 153.2, 142.0, 133.5, 123.0, 122.7,
122.5, 118.9, 118.0, 107.8, 107.7, 36.7, 12.8 ppm. The imine (2.15 g,
7.18 mmol) was dissolved in methanol, and whilst stirring NaBH4 (2.69 g,
71.8 mmol) was added until the solution ceased to effervesce. The solu-
tion was stirred for a further 2 h. 50:50 HCl/H2O was added until the so-
lution was pH 3, and then 2m NaOH was added until the solution was
pH 9. The product was extracted using dichloromethane. The organic
layer was dried over MgSO4, and then filtered. The solvent was evaporat-
ed under reduced pressure, and the product, re-crystallised from di-
chloromethane and hexane. Yield: 1.26 g, 4.18 mmol, 58%; 1H NMR
(CDCl3, 400 MHz): d=8.72 (d, J=2.0 Hz, 1H; Py-H), 8.56 (dd, J=5.0,
1.5 Hz, 1H; Py-H), 8.02 (d, J=7.5 Hz, 1H; Ar-H), 7.60 (d, J=7.5 Hz,
1H; Py-H), 7.46 (t, J=7.5 Hz, 1H; Py-H), 7.37 (m, 2H; Ar-H), 7.27 (m,
2H; Ar-H), 7.20 (t, J=7.5 Hz, 1H; Ar-H), 6.90 (dd, J=8.5, 2.0 Hz, 1H;
Py-H), 4.44 (s, 2H; CH2), 4.30 (q, J=7.5 Hz, 2H; CH2), 4.05 (br s, 1H;
NH), 1.40 ppm (t, J=7.5 Hz, 3H; CH3);


13C{1H}-NMR (CDCl3,
125 MHz):149.3, 148.7, 135.4, 125.5, 123.6, 122.5, 118.1, 114.5, 109.3,
108.4, 103.8, 47.4, 37.5, 13.9 ppm; MS ACHTUNGTRENNUNG(ES+): m/z : 302 [M+]; elemental
analysis calcd (%) for: C 79.70, H 6.35, N 13.94; found: C 79.76, H 6.38,
N 14.03.


N-[(Pyridin-4-yl)methyl]benzenamine (L4): Aniline (5.35 g, 57 mmol)
and 4-pyridine carboxaldehyde (6.2 g, 57 mmol) were dissolved in dry
1,2-dichloroethane, and magnesium sulfate (6.84 g, 57 mmol) was added.
The solution was placed under reflux for 6 h. whilst stirring. The solution
was filtered to remove magnesium sulfate, and then concentrated under
reduced pressure to yield a yellow oil. The intermediate imine was
washed with diethyl ether, and the yellow solid impurities removed by fil-
tration. The diethyl ether was removed under reduced pressure to yield
the imine as white powder (6.58 g, 36 mmol, 63%). 1H NMR (CDCl3,
500 MHz): d =8.76 (dd, J=4.5, 2.0 Hz, 2H; Py-H), 8.46 (s, 1H; CH), 7.76
(dd, J=4.5, 2.0 Hz, 2H; Py-H), 7.43 (t, J=7.5 Hz, 2H; Ar-H), 7.32–
7.23 ppm (m, 3H; Ar-H); 13C{1H}-NMR (CDCl3, 125 MHz): d=158.2,
150.84, 129.5, 127.3, 122.5, 121.2 ppm; MS ACHTUNGTRENNUNG(ES+): m/z : 183 [M+]; elemen-
tal analysis calcd (%) for C12 H10N2: C 79.10, H 5.53, N 15.37; found: C
78.01, H 5.53, N 15.14. The imine (6.0 g, 33 mmol) was dissolved in meth-
anol, and whilst stirring NaBH4 (6.1 g, 165 mmol) was added until the so-
lution ceased to effervesce. The solution was stirred for a further 2 h.
50:50 HCl/H2O was added until the solution was pH 3, and then 2m


NaOH was added until the solution was pH 9. The product was extracted
using dichloromethane. The organic layer was dried over MgSO4, and
then filtered. The solvent was evaporated under reduced pressure, and
the product re-crystallised from dichloromethane and hexane. Yield:
4.9 g, 26.6 mmol, 81%; 1H NMR (CDCl3, 500 MHz): d=8.54 (dd, J=4.5,
1.5 Hz, 2H; Py-H), 7.29 (dd, J=4.5, 1.5 Hz, 2H; Py-H), 7.17 (dd, J=7.0,
1.5 Hz, 2H; Ar-H), 6.75 (tt, J=7.5, 1.0 Hz, 1H; Ar-H), 6.58 (dd, J=9.0,
1.5 Hz, 2H; Ar-H), 4.37 ppm (s, 2H; CH2);


13C{1H}-NMR (CDCl3,
125 MHz): d=150.2, 129.6, 122.3, 118.2, 113.1, 47.3 ppm; MS ACHTUNGTRENNUNG(ES+): m/z :
185 [M+]; elemental analysis calcd (%) for C12 H10N2: C 78.23, H 6.57, N
15.21; found: C 78.00, H 6.57, N 15.20.


N-[(Pyridin-2-yl)methyl]benzenamine (L5): Aniline (10.7 g, 0.11 mol) and
2-pyridine carboxaldehyde (12.3 g, 0.11 mol) were dissolved in dry 1,2-di-
chloroethane (500 mL), and magnesium sulfate (13.2 g, 0.11 mol) was
added. The solution was placed under reflux for 6 h. whilst stirring. The
solution was filtered to remove the magnesium sulfate, and concentrated
under reduced pressure to yield the intermediate imine product as a
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yellow oil. 1H NMR (CDCl3, 500 MHz): d=8.49 (d, J=5.0 Hz, 1H; Ar-
H), 8.46 (s, 1H; CH), 8.99 (d, J=7.5 Hz, 1H; Py-H), 7.48 (dt, J=7.5,
1.0 Hz, 1H; Py-H), 7.22 (t, J=7.5 Hz, 2H; Py-H), 7.14 (d, J=7.0 Hz, 2H;
Ar-H), 7.06 ppm (m, 7.09–7.04 Hz, 2H; Ar-H); 13C{1H}-NMR (CDCl3,
100 MHz): d=151.1, 149.8, 136.6, 129.4, 126.9, 125.2, 121.9, 121.3 ppm;
MS ACHTUNGTRENNUNG(ES+): m/z : 183 [M+]. The imine was dissolved in methanol, and
whilst stirring NaBH4 (12.2 g, 0.33 mol) was added until the solution
ceased to effervesce. The solution was stirred for a further 2 h. 50:50
HCl/H2O was added until the solution was pH 3, and then 2m NaOH was
added until the solution was pH 9. The product was extracted using di-
chloromethane. The organic layer was dried over MgSO4, and then fil-
tered. The solvent was evaporated under reduced pressure, and the prod-
uct extracted, as a white crystalline solid and recrystallised with from di-
chloromethane and diethylether. Yield: 6.5 g, 35 mmol, 32%; 1H NMR
(CDCl3, 400 MHz): d=8.61 (d, J=4.5 Hz, 1H; Ar-H), 7.62 (dt, J=8.0,
1.5 Hz, 1H; Py-H), 7.34 (d, J=8.0 Hz, 1H; Py-H), 7.23–7.17 (m, 3H; Py-
H, Ar-H), 6.76 (t, J=7.5 Hz, 1H; Ar-H), 7.69 (d, J=7.5 Hz, 2H; Ar-H),
4.66 (s, 1H; NH), 4.47 ppm (s, 2H; CH2);


13C{1H}-NMR (CDCl3,
125 MHz): d=158.9, 137.0, 129.6, 122.4, 121.9, 117.8, 113.3, 49.5 ppm;
MS ACHTUNGTRENNUNG(ES+): m/z : 185 [M+]; elemental analysis calcd (%) for C12H12N2: C
78.23, H 6.52, N 15.20; found: C 77.99, H 6.52, N 15.21.


[Ru(h6-p-cymene)(N-{(pyridine-3-yl)methyl}benzenamine)Cl2] (1a):
[Ru(h6-p-cymene)Cl2]2 (0.4 g, 0.64 mmol) and L1 (0.24 g, 1.3 mmol) were
dissolved in toluene (100 mL), previously degassed for 1 h and left to stir
at room temperature for 1 h. During this time an orange precipitate
formed. The solid was collected by filtration, washed with toluene and
dried in the air for 18 h (0.57 g, 1.2 mmol, 89%). 1H NMR (CDCl3,
400 MHz): d=8.95 (s, 1H; Py-H), 8.89 (d, J=5.6 Hz, 1H; Py-H), 7.69 (d,
J=8.0 Hz, 1H; Py-H), 7.22 (dd, J=8.0, 5.6 Hz, 1H; Py-H), 7.15 (t, J=


8.0 Hz, 2H; Ar-H), 6.73 (t, J=8.0 Hz, 1H; Ar-H), 6.57 (d, J=8.0 Hz,
2H; Ar-H), 5.29 (d, J=4.8 Hz, 2H; Ar-H), 5.03 (d, J=4.8 Hz, 2H; Ar-
H), 4.40 (br s, 1H; NH), 4.38 (s, 2H; CH2), 2.85 (sept, J=6.8 Hz, 1H;
CH), 1.94 (s, 3H; CH3), 1.22 ppm (d, J=6.8 Hz, 6H; CH3);


13C{1H}-NMR
(CDCl3, 125 MHz): d=154.1, 153.4, 136.9, 136.5, 129.6, 124.5, 118.4,
113.4, 103.6, 97.4, 83.0, 82.4, 45.1, 30.8, 22.5, 18.3 ppm; MS ACHTUNGTRENNUNG(ES+): m/z :
489 [M+]; elemental analysis calcd (%) for C22H26N2Cl2Ru: C 53.88, H
5.34, N 5.71; found: C 53.71, H 5.34, N 5.62; IR: ñ=3352 cm�1 (w, NH).


[Ru(h6-p-cymene)(4-nitro-N-{(pyridin-3-yl)methyl}benzenamine)2Cl]-
ACHTUNGTRENNUNG[BF4] (1b): [{Ru(h6-p-cymene)Cl2}2] (1.0 g, 1.6 mmol) and L2 (0.8 g,
3.2 mmol) were dissolved in toluene (100 mL), previously degassed for
1 h and left to stir at room temperature for 1 h. During this time a
yellow/orange precipitate formed. The solid was collected by filtration,
washed with toluene and dried in the air for 18 h (1.2 g, 2.24 mmol,
68%). 1H NMR (CDCl3, 500 MHz): d=8.76 (d, J=6.4 Hz, 1H; Py-H),
8.74 (s, 1H; Py-H), 7.95 (d, J=8.8 Hz, 2H; Ar-H), 7.45 (d, J=6.4 Hz,
1H; Py-H), 7.07 (t, J=6.4 Hz, 1H; Py-H), 6.44 (d, J=8.8 Hz, 2H; Ar-H),
5.94 (s, 1H; NH), 5.30 (d, J=5.6 Hz, 2H; Ar-H), 5.09 (d, J=5.6 Hz, 2H;
Ar-H), 4.15 (s, 2H; CH2), 2.81 (sept, J=6.8 Hz, 1H; CH), 1.61 (s, 3H;
CH3), 1.18 ppm (d, J=6.8 Hz, 6H; CH3);


13C{1H}-NMR (CDCl3,
125 MHz): d=153.8, 153.3, 152.8, 138.5, 136.8, 126.5, 124.5, 111.8 103.9,
97.3, 82.9, 82.5, 44.1, 30.9, 22.4, 18.4 ppm; MS ACHTUNGTRENNUNG(ES+): m/z : 535 [M+]; ele-
mental analysis calcd (%) for C22H25N3O2Cl2Ru: C 49.35, H 4.71, N 7.85;
found: C 50.39, H 4.70, N 8.92; IR: ñ=3238 cm�1 (w, NH) (persistent
contamination by �20% L2).


[Ru(h6-p-cymene)(9-ethyl-N-{(pyridine-3-yl)methyl}-9H-carbazol-3-ami-
ne)Cl2] (1c): [{Ru(h6-p-cymene)Cl2}2] (0.50 g, 0.8 mmol) and L3 (0.50 g,
1.7 mmol) were dissolved in toluene (100 mL), previously degassed for
1 h and left to stir at room temperature for 1 h. During this time an
orange precipitate formed. The solid was collected by filtration, washed
with toluene and dried in the air for 18 h (0.97 g, 1.3 mmol, 76%).
1H NMR (CDCl3, 400 MHz): d =8.94 (s, 1H; Py-H), 8.80 (d, J=7.6 Hz,
1H; Py-H), 7.87 (d, J=8.0 Hz, 1H; Ar-H), 7.68 (d, J=7.6 Hz, 1H; Py-
H), 7.34 (t, J=7.6 Hz, 1H; Py-H), 7.3–7.1 (m, 5H; Ar-H) 6.80 (d, J=


8.0 Hz, 1H; Ar-H), 5.13 (d, J=6.0 Hz, 2H; Ar-H), 4.86 (d, J=6.0 Hz,
2H; Ar-H), 4.39 (s, 2H; CH2), 4.35 (br s, 1H; NH), 4.22 (q, J=7.6 Hz,
2H; CH2), 2.68 (sept, J=7.0 Hz, 1H; CH), 1.74 (s, 3H; CH3), 1.29 (t, J=


7.6 Hz, 3H; CH3), 1.04 ppm (d, J=7.0 Hz, 6H; CH3);
13C{1H}-NMR


(CDCl3, 125 MHz): d=154.5, 153.3, 140.5, 138.1, 137.1, 136.8, 129.3,


128.5, 125.9, 125.5, 124.5, 123.8, 122.5, 120.5, 118.4, 115.0, 109.7, 108.8,
103.3, 97.5, 83.2, 82.2, 46.5, 37.8, 30.8, 22.4, 18.1, 14.1 ppm; MS ACHTUNGTRENNUNG(ES+):
m/z : 559 [M+]; elemental analysis calcd (%) for C30H33N3Cl2Ru: C 59.30,
H 5.47, N 6.92; found: C 59.18, H 5.61, N 6.79; IR: ñ =3379 cm�1 (w,
NH).


[Ru(h6-p-cymene)(N-{(pyridin-4-yl)methyl}benzenamine)Cl2] (1d):
[Ru(h6-p-cymene)Cl2]2 (0.8 g, 1.3 mmol) and L4 (0.5 g, 2.7 mmol) were
dissolved in toluene (100 mL), previously degassed for 1 h and left to stir
at room temperature for 1 h. During this time a yellow/orange precipitate
formed. The solid was collected by filtration, washed with toluene and
dried in the air for 18 h (0.69 g, 1.41 mmol, 52%). 1H NMR (CDCl3,
500 MHz): d=8.87 (d, J=6.5 Hz, 2H; Py-H), 7.3–7.1 (m, 4H; Py-H, Ar-
H), 6.73 (t, J=8.0 Hz, 1H; Ar-H), 6.51 (d, J=8.0 Hz, 2H; Ar-H), 5.41 (d,
J=6.0 Hz, 2H; Ar-H), 5.21 (d, J=6.0 Hz, 2H; Ar-H), 4.49 (s, 1H; NH),
4.36 (s, 2H; CH2), 2.97 (sept, J=7.0 Hz, 1H; CH), 2.09 (s, 3H; CH3),
1.29 ppm (d, J=7.0 Hz, 6H; CH3);


13C{1H}-NMR (CDCl3, 125 MHz): d=


154.7, 147.3, 129.6, 129.3, 123.0, 118.3, 113.1, 103.8, 97.2, 82.9, 82.5, 46.7,
30.9, 22.5, 18.4; MS ACHTUNGTRENNUNG(ES+): m/z : 490 [M+]; elemental analysis calcd (%)
for C22H26N2Cl2Ru: C 53.88, H 5.34, N 5.71; found: C 54.43, H 5.40, N
4.99; IR: ñ=3315 cm�1 (w, NH).


[Ru(h6-p-cymene)(N-{(pyridin-3-yl)methyl}benzenamine)2Cl] ACHTUNGTRENNUNG[BF4] (2a):
Compound 1a (0.4 g, 0.8 mmol) and silver tetrafluoroborate (0.16 g,
0.8 mmol) were dissolved in 50:50 MeOH/acetone (50 mL), previously
degassed for 1 h and left to stir at room temperature for 20 min. The sil-
ver(I) chloride was removed through celite and L1 (0.15 g, 0.8 mmol) was
added to the filtrate, which was then stirred for a further 4 h. The solvent
was removed under reduced pressure to yield a crude orange solid, which
was re-crystallised from CH2Cl2 and C6H14. The orange solid was filtered
and washed with C6H14, and dried in air (0.3 g, 0.4 mmol, 56%). 1H NMR
(CDCl3, 400 MHz): d=8.76 (s, 2H; Py-H), 8.38 (d, J=5.8 Hz, 2H; Py-
H), 7.54 (d, J=7.6 Hz, 2H; Py-H), 7.0 (m, 6H; Ar-H), 6.55 (t, J=7.6 Hz,
2H; Py-H), 6.42 (d, J=7.6 Hz, 4H; Ar-H), 5.37 (br s, 2H; NH), 5.29
(AA’BB’, J=6.2 Hz, 4H; Ar-H), 4.40 and 4.32 (AB, J=17.2 Hz, 4H;
CH2), 2.28 (sept, J=6.8 Hz, 1H; CH), 1.59 (s, 3H; CH3), 0.83 ppm (d, J=


6.8 Hz, 6H; CH3);
13C{1H}-NMR (CDCl3, 125 MHz): d=154.1, 151.2,


139.0, 138.1, 129.5, 125.1, 117.3, 112.9, 102.6, 102.4, 90.5, 81.2, 44.5, 30.9,
22.6, 17.6 ppm; MS ACHTUNGTRENNUNG(ES+): m/z : 639 [M�BF4


�]; elemental analysis calcd
(%) for C34H38N4ClRuBF4: C 56.25, H 5.28, N 7.72; found: C 55.86, H
5.22, N 7.63; IR: ñ=3421 (w, NH), 1062 cm�1 (s, BF4


�).


[Ru(h6-p-cymene)(4-nitro-N-{(pyridin-3-yl)methyl}benzenamine)2Cl]-
ACHTUNGTRENNUNG[BF4] (2b): Compound 1b (0.3 g, 0.6 mmol), silver tetrafluoroborate
(0.2 g, 0.9 mmol) and L2 (0.2 g, 0.8 mmol) were dissolved in 50:50
MeOH/acetone (50 mL), previously degassed for 1 h and left to stir at
room temperature for 20 min. The silver(I) chloride was removed
through celite. The solvent volume was reduced under reduced pressure
and the product recrystallised in the freezer from a MeOH/acetone/dieth-
yl ether solvent mixture overnight. During this time an orange solid
formed and was collected by filtration and washed with diethyl ether
(0.1 g, 0.2 mmol, 33%). 1H NMR (CDCl3, 500 MHz): d=8.84 (s, 2H; Py-
H), 8.54 (d, J=5.5 Hz, 2H; Py-H), 7.98 (d, J=9.0 Hz, 4H; Ar-H), 7.63
(d, J=5.5 Hz, 2H; Py-H), 7.12 (t, J=5.5 Hz, 2H; Py-H), 6.67 (s, 2H;
NH), 6.49 (d, J=9.0 Hz, 4H; Ar-H), 5.47 (d, J=6.0 Hz, 2H; Ar-H), 5.44
(d, J=6.5 Hz, 2H; Ar-H), 4.57 and 4.49 (ABX, J=7.0, 17.0 Hz, 4H;
CH2), 2.30 (sp, J=7.0 Hz, 1H; CH), 1.56 (s, 3H; CH3), 0.85 ppm (d, J=


7.0 Hz, 6H; CH3);
13C{1H}-NMR (CDCl3, 125 MHz): d=153.7, 152.6,


151.9, 138.4, 138.1, 137.4, 126.4, 125.2, 111.6, 102.8, 102.3, 90.2, 44.2, 30.8,
22.4, 17.7 ppm; MS ACHTUNGTRENNUNG(ES+): m/z : 815 [M+]; elemental analysis calcd (%)
for C34H36N6O4ClRuBF4: C 50.04, H 4.45, N 10.30; found: C 50.35, H
4.86, N 10.38; IR: ñ=3390 (w, NH), 1061 cm�1 (s, BF4).


[Ru(h6-p-cymene)(9-ethyl-N-{(pyridine-3-yl)methyl}-9H-carbazol-3-
amine)2Cl] ACHTUNGTRENNUNG[BF4] (2c): Compound 1c (0.5 g, 0.7 mmol) and silver tetra-
fluoroborate (0.15 g, 0.8 mmol) were dissolved in 50:50 MeOH/acetone
(50 mL), previously degassed for 1 h and left to stir at room temperature
for 20 min. The silver(I) chloride was removed through celite and L3


(0.25 g, 0.8 mmol) was added to the filtrate, which was then stirred for a
further 4 h. The solvent was removed under reduced pressure to yield a
crude orange oil. The oil was washed with ethanol and re-crystallised
from CH2Cl2 and C6H14. The green solid was filtered and washed with
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C6H14, and dried in air. (0.13 g, 0.1 mmol, 19%). 1H NMR (CDCl3,
400 MHz): d=8.96 (s, 2H; Py-H), 8.48 (d, J=5.5 Hz, 2H; Py-H), 7.88 (d,
J=7.5 Hz, 2H; Ar-H), 7.39 (t, J=7.5 Hz, 2H; Ar-H), 7.11 (t, J=7.5 Hz,
2H; Ar-H), 7.6–6.9 (m, Py-H, 12H; Ar-H), 5.31 (AA’BB’, 4H; Ar-H),
4.54 and 4.46 (AB, J=16.5 Hz, 4H; CH2), 4.21 (4q, J=7.0 Hz, H; CH2),
2.13 (sept, J=6.5 Hz, 1H; CH), 1.46 (s, 3H; CH3), 1.33 (t, J=7.0 Hz,
6H; CH3), 0.54 ppm (d, J=6.5 Hz, 6H; CH3);


13C{1H}-NMR (CDCl3,
125 MHz): d =153.9, 151.3, 140.4, 140.2, 139.0, 138.2, 133.9, 125.7, 125.7,
125.1, 123.7, 122.6, 120.6, 118.3, 114.6, 109.7, 109.0, 108.5, 103.0, 102.8,
101.9, 90.6, 80.7, 45.5, 37.7, 30.6, 22.0, 17.4, 14.2 ppm; MSACHTUNGTRENNUNG(ES+): m/z : 873
[M+�BF4]; IR: ñ =3409 (w, NH), 1060 cm�1 (s, BF4).


[Ru(h6-p-cymene)(N-{(pyridin-4-yl)methyl}benzenamine)2Cl] ACHTUNGTRENNUNG[BF4] (2d):
Compound 1d (0.4 g, 0.8 mmol), silver tetrafluoroborate (0.2 g,
0.9 mmol) and L4 (0.2 g, 0.8 mmol) were dissolved in 50:50 MeOH/ace-
tone (50 mL), previously degassed for 1 h and left to stir at room temper-
ature for 20 min. The silver(I) chloride was removed through celite. The
solvent volume was reduced under reduced pressure and the product was
collected as an orange oil. 1H NMR (CDCl3, 500 MHz): d=8.85 (d, J=


6.5 Hz, 4H; Py-H), 7.41 (d, J=6.5 Hz, 4H; Py-H), 7.08 (t, J=7.5 Hz, 4H;
Ar-H), 6.67 (t, J=7.5 Hz, 2H; Ar-H), 6.47 (d, J=7.5 Hz, 4H; Ar-H), 5.84
(d, J=6.0 Hz, 2H; Ar-H), 5.59 (d, J=6.0 Hz, 2H; Ar-H), 4.57 (s, 2H;
NH), 4.36 (d, J=2.0 Hz, 4H; CH2), 2.55 (sept, J=7.0 Hz, 1H; CH), 1.68
(s, 3H; CH3), 1.11 ppm (d, J=7.0 Hz, 6H; CH3);


13C{1H}-NMR (CDCl3,
125 MHz): d =154.1, 154.0, 147.3, 129.6, 124.7, 118.3, 113.1, 103.5, 102.0,
88.4, 82.3, 46.7, 31.0, 22.5, 17.9 ppm; MS ACHTUNGTRENNUNG(ES+): m/z : 638 [M+�BF4]. Re-
liable elemental analysis was not obtained because of the oily nature of
the product.


[Ru(h6-p-cymene) ACHTUNGTRENNUNG(N,N’-{(pyridin-2-yl)methyl}benzenamine)Cl]Cl (3):
[{Ru(h6-p-cymene)Cl2}2] (0.80 g, 1.3 mmol) and L5 (0.40 g, 2.2 mmol)
were dissolved in toluene (100 mL), previously degassed for 1 h and left
to stir at room temperature for 1 h. During this time an orange precipi-
tate formed. The solid was collected by filtration, washed with toluene
and dried in the air for 18 h (0.52 g, 1.1 mmol, 82%). 1H NMR (CDCl3,
500 MHz): d=11.50 (s, 1H; NH), 8.95 (d, J=6.5 Hz, 1H; Py-H), 8.03 (d,
J=7.5 Hz, 2H; Ar-H), 7.82 (t, J=6.5 Hz, 1H; Py-H), 7.40 (t, J=6.5 Hz,
1H; Py-H), 7.39(d, J=6.5 Hz, 1H; Py-H), 7.38 (t, J=7.5 Hz, 2H; Ar-H),
7.22 (t, J=7.5 Hz, 1H; Ar-H), 6.40 (d, J=5.5 Hz, 1H; Ar-H), 5.49 (d, J=


6.5 Hz, 1H; Ar-H), 5.34 (d, J=6.5 Hz, 1H; Ar-H), 4.84 (d, J=5.5 Hz,
1H; Ar-H), 4.55 (dd, J=15.0, 5.0 Hz, 1H; CH2), 4.30 (dd, J=15.0,
10.0 Hz, 1H; CH2) 2.80 (q, J=7.0 Hz, 1H; CH), 2.25 (s, 3H; CH3), 1.15
(d, J=7.0 Hz, 3H; CH3), 0.65 ppm (d, J=7.0 Hz, 3H; CH3);


13C{1H}-
NMR (CDCl3, 125 MHz): d =162.0, 153.1, 149.3, 139.5, 129.4, 126.9,
125.1, 122.1, 121.8, 105.5, 96.4, 86.3, 85.3, 84.4, 83.4, 58.7, 30.0, 24.0,
19.2 ppm; MS ACHTUNGTRENNUNG(ES+): m/z : 455 [M+�Cl]; elemental analysis calcd (%)
for C22H24N2Cl2Ru: C 53.88, H 5.34, N 5.71, Cl, 14.46; found: C 53.52, H
5.42, N 5.69, Cl 14.19; IR: ñ =3382 cm�1 (w, NH).


[Ru(h6-p-cymene) ACHTUNGTRENNUNG(N,N’-{(pyridin-2-yl)methyl}benzenamine)Cl] ACHTUNGTRENNUNG[BPh4]
([3] ACHTUNGTRENNUNG[BPh4]): [Ru(h6-p-cymene)ACHTUNGTRENNUNG(N, N’-((pyridin-2-yl)methyl)benzenami-
ne)Cl]Cl (0.02 g, 0.041 mmol) was dissolved in methanol, and added to a
solution of NaBPh4 (0.014 g, 0.041 mmol) in methanol. A yellow precipi-
tate was formed immediately, and collected by filtration (0.026 g,
0.032 mmol, 79%); elemental analysis calcd (%) for C46H46N2BClRu: C
71.36, H 5.99, N 3.62; found: C 71.09, H 6.00, N 3.57.


[Ru(h6-hexamethylbenzene)(N-{(pyridine-3-yl)methyl}benzenamine)Cl2]
(4): [{Ru ACHTUNGTRENNUNG(h6-C6Me6)Cl2}2] (0.1 g, 0.15 mmol) and L1 (0.049 g. 0.27 mmol)
were stirred in dry toluene (20 mL) at room temperature overnight. Over
this time a dark red solid precipitates from solution, and is collected by
filtration. The crude product was then washed with toluene, and the pure
red solid is collected by filtration (0.089 g, 0.096 mmol, 64%). 1H NMR
(CDCl3, 400 MHz): d=8.71 (s, 1H; Py-H), 8.62 (d, J=6.0 Hz, 1H; Py-
H), 7.60 (d, J=6.0 Hz, 1H; Py-H), 7.17 (dd, J=6.0, 1.8 Hz, 1H; Py-H),
7.09 (t, J=7.5 Hz, 2H; Ar-H) 6.65 (t, J=7.5 Hz, 1H; Ar-H), 6.51 (d, J=


7.5 Hz, 2H; Ar-H) 4.32 (s, 3H; NH, CH2), 1.80 ppm (s, 18H; C6Me6); ele-
mental analysis calcd (%) for C24H30Cl2N2Ru: C 55.60, H 5.83, N 5.40;
found C 54.90, H 5.72, N 4.85.


Crystallographic data : C24H30Cl2N2Ru, Mr=518.47, yellow block, 0.30P
0.10P0.10 mm, monoclinic, space group Cc (No. 9), a=15.291(4), b=


18.987(5), c=8.376(2) N, b =94.100(7)8, V=2425.6(11) N3, Z=4, 1calcd=


1.420 gcm�3, F000=1064, SMART 6k, MoKa radiation, l =0.71073 N, T=


120(2) K, 2qmax=58.48, 19681 reflections collected, 6518 unique (Rint=


0.0599). Final GooF=0.992, R1=0.0380, wR2=0.0755, R indices based
on 5580 reflections with I>2s(I) (refinement on F2), 268 parameters, 2
restraints. Lorentz polarisation and absorption corrections were applied.
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Enhanced Cooperativity through Design: Pendant CoIII�Salen Polymer
Brush Catalysts for the Hydrolytic Kinetic Resolution of Epichlorohydrin
(Salen=N,N’-Bis(salicylidene)ethylenediamine Dianion)
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Introduction


The CoIII�salen-catalyzed (salen=N,N’-bis(salicylidene)-
ACHTUNGTRENNUNGethylenediamine dianion) hydrolytic kinetic resolution
(HKR) of racemic epoxides has emerged as a highly attrac-
tive and efficient method of synthesizing chiral C3 building
blocks for intermediates in larger, more complex molecules,


especially useful in the pharmaceutical industry.[1] The HKR
reaction has been shown to involve a bimetallic mechanism
as evident from a second-order dependency of activity upon
the concentration of CoIII sites. This second-order dependen-
cy arose from a proposed dual-activation pathway of the re-
action.[2] The two cobalt centers are proposed to bind hy-
droxide and epoxide individually. The cobalt-activated hy-
droxide is suggested to perform a nucleophilic attack on the
a carbon of the epoxide. Hydrolysis of the intermediate spe-
cies then purportedly regenerates the two active sites as the
catalytic cycle repeats. Accordingly, activities of the original
homogeneous CoIII�salen catalyst suffered, owing to unfav-
orable statistical interactions between the catalytic active
sites in solution, resulting in very slow rates at low catalyst
concentrations. Researchers have noted significant increases
in activity when utilizing multiple Co�salen oligomeric,[3]


dendritic,[4] and polymeric catalysts.[5,6] These multisited,
soluble catalysts gave significant increases in activity versus
the homogeneous Co�salen but remained difficult to recycle
through distillation, dialysis membranes, or polymer precipi-
tation. To this end, many researchers studied heterogeniza-
tion of the expensive CoIII�salen catalysts to aid in their re-


Abstract: The CoIII�salen-catalyzed
(salen=N,N’-bis(salicylidene)ethylene-
diamine dianion) hydrolytic kinetic res-
olution (HKR) of racemic epoxides has
emerged as a highly attractive and effi-
cient method of synthesizing chiral C3


building blocks for intermediates in
larger, more complex molecules. HKR
reaction rates have displayed a second
order dependency on the concentration
of active sites, and thus researchers
have proposed a bimetallic transition
state for the HKR mechanism. Here
we report the utilization of pendant


CoIII�salen catalysts on silica supported
polymer brushes as a catalyst for the
HKR of epichlorohydrin. The novel
polymer brush architecture provided a
unique framework for promoting site–
site interactions as required in the pro-
posed bimetallic transition state of the
HKR mechanism. Furthermore, the


poly ACHTUNGTRENNUNGmer brushes mimic the environ-
ment of soluble polymer-based cata-
lysts, whereas the silica support permit-
ted facile recovery and reuse of the
catalyst. The polymer brush catalyst
displayed increased activities over the
soluble Jacobsen Co�salen catalyst and
was observed to retain its high enantio-
selectivities (>99%) after each of five
reactions despite decreasing activities.
Analysis indicated decomposition of
the salen ligand as an underlying cause
of catalyst deactivation.
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covery and reuse.[7] A variety of methods have been intro-
duced including ship-in-a-bottle synthesis,[8] grafting to sili-
cas,[9] membrane reactors,[10] ionic liquids,[11] and fluorous
systems.[12] Despite the ability to recover and recycle the cat-
alysts, retention of the high activities remained difficult.


Grafting polymer brushes to solid surfaces has received
increasing attention in recent years in several areas includ-
ing microelectronics and biotechnology.[13] However, the use
of grafted polymer brushes as heterogeneous catalyst sup-
ports has remained limited to isolated examples. These in-
clude palladium complexes for carbon�carbon coupling re-
actions[14] and spherical polyelectrolyte brush supported
nanoparticle catalysts,[15] in which it appears that only site
accessibility was the strategic aim.


Here, we demonstrate how high activities through site–
site cooperativity can be achieved with a new catalyst design
by using an easily recoverable hybrid organic/inorganic cata-
lyst.[16] The polymer brush architecture was employed to
specifically promote the site–site interactions required by an
increasing array of catalytic reactions with quasi-planar co-
ordination complexes.[17] This site–site cooperativity is ach-
ieved through the strategic design of the pendant CoIII�
salen active sites supported on polymer brushes to promote
the cooperative bimetallic interactions required for the
HKR reaction (Scheme 1). Specifically, the polymer brush


architecture addresses issues of increased mobility, enhanced
proximity of the catalytic sites, and facile recovery. By graft-
ing polymer chains with pendant Co�salen sites to silica
supports, the flexibility and proximity of the catalyst centers
can be enhanced to produce increased activities in the HKR
of epichlorohydrin,[18] and allow for simple recovery and
reuse by means of the insoluble support. In addition to dem-


onstration of the use of polymer brushes as a catalyst sup-
port, this work highlights catalyst recyclability and investi-
gates causes of catalyst deactivation.


Results and Discussion


The polymer brush Co�salen catalyst was synthesized from
a series of steps (Scheme 2), starting with the immobiliza-
tion of an atom transfer radical polymerization (ATRP) ini-
tiator to the surface of CAB-O-SIL silica.[19] Thermogravi-
metric analysis (TGA) indicated a loading of 0.24 mmolg�1


of the initiator on the silica surface. The CAB-O-SIL silica
displayed a fractal-like structure with particle thicknesses of
roughly 20 nm by using TEM (Figure 1). Styrene and styryl-


modified salen ligands (1a,b)[6,20] were copolymerized from
the surface initiators (2) forming the polymer brushes
(3a,b).[21] Calculations indicated that roughly 17% of the
surface initiator sites resulted in polymer chains, a result
consistent with prior reports of low initiator efficiencies for
polymer-brush systems.[22] Two different styryl�salen mono-
mers were synthesized to highlight the differences in activi-
ties resulting from contrasting hydrophilicities and flexibili-
ties of the salen�styrene linker. TGA indicated organic
components of the polymer brushes 3a,b to be 50 and 48%,
respectively. TEM displayed similar fractal-like structures
for 3a,b as with the bare silica, but the particle thicknesses


Scheme 1. HKR of epichlorohydrin.


Scheme 2. Polymer brush catalyst synthesis.


Figure 1. TEM images at 100,000J of a) CAB-O-SIL silica and b) poly-
mer brush 3b.
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increased to roughly 40 nm indicating new material was
coating the silica surface. FT-IR confirmed the postulated
structure of the organic species present in the solid catalyst
(see the Supporting Information). Aromatic C�H stretches,
not present in the immobilized ATRP initiator (2), were ob-
served in each of the polymer brushes (3a,b) at ñ=3086,
3063, and 3031 cm�1. A significant growth in the aliphatic
C�H stretches at ñ=2957, 2934, and 2865 cm�1 and the
imine (C=N) stretch at ñ=1630 cm�1 was also observed.
The growths of the aromatic and aliphatic C�H stretches
from the poly ACHTUNGTRENNUNG(styrene) backbone and the imine stretch from
the salen ligand in the FT-IR spectra indicated that the or-
ganic loadings observed by TGA were indeed the desired
styrene/styryl�salen copolymer. This formation was con-
firmed by means of cross-polarization magic-angle spinning
(CP MAS) 13C NMR spectra, which displayed peaks in the
regions d=25–80 (CMe3, CH2, O-CH2, cyclohexyl-CH2, cy-
clohexyl CH), 120–145 (aromatic C), 160 ppm (C=N) (see
the Supporting Information). CP MAS 29Si NMR spectros-
copy also indicated the presence of Q2, Q3, and Q4 silicon
resonances (d=�90 to �110 ppm) and resonances corre-
sponding to reaction of 1, 2, and 3 methoxy groups of the
polymer initiator to the silica surface (d=�51 to �67 ppm)
in the material, confirming a covalent linkage between the
silica support and surface organic functionalities. Cleavage
of the polymer from the silica surface by treatment with
aqueous HF allowed for analysis of the polymer by GPC
and solution 1H NMR spectroscopy. GPC indicated multi-
modal distributions of polymer molecular weights with
number average molecular weights of 28700 Da and
21500 Da relative to poly ACHTUNGTRENNUNG(styrene) standards for 3a,b, re-
spectively. Integration of the imine, aldehyde, and aromatic
protons in the 1H NMR spectra yielded styrene/styryl�salen
ratios of 4.1 and 4.3 for 3a,b, respectively, closely matching
the targeted ratio of 4.0. The polymer brushes were metalat-
ed with cobalt(II) acetate to form the CoII�salen polymer
brush precatalysts (4a,b). Elemental analysis indicated load-
ings of 0.30 and 0.28 mmolg�1 on the basis of cobalt for
4a,b, respectively. Calculations estimated roughly 65% of
the salen ligands were chelated to cobalt. As this work uti-
lizes heterogeneous systems, polymer initiation and ligand
metalation suffer from steric hinderance from the silica sup-
port and polymer chains. In additional studies using solely
polymeric Co�salen systems, elemental analysis indicates
slightly higher metalation to the Co�salen complex (70%).
This indicates that complete formation of the complex may
only be possible by using small molecules rather than the
polymeric or polymer brush systems.


The polymer brush catalysts were activated with acetic
acid in air and evaluated in the hydrolytic kinetic resolution
(HKR) of epichlorohydrin. A dramatic difference in activity
was observed between 4b and the homogeneous Co�salen
catalyst at 0.01 mol% loading (Figure 2). After 20 h, the en-
antiomeric excesses of the polymer brush catalyst approach-
ed 85% versus 10% by the benchmark homogeneous Co�
salen catalyst. Enantiomeric excesses surpassed 94% at
longer times (72 h, 48% conversion). This difference in ac-


tivity was attributed to enhanced cooperativity of the active
sites through the polymer brush architecture. In contrast,
the bimetallic interactions of the homogeneous catalyst
were governed by statistical interactions of the active site in
solution. These interactions became increasingly unfavor-
ACHTUNGTRENNUNGable, especially at the low 0.01 mol% catalyst concentration,
leading to the low activity of the catalyst. Unlike the homo-
geneous catalyst, lowering catalyst concentration of the
poly ACHTUNGTRENNUNGmer brush catalysts only decreased the total mass of cat-
alyst present, without affecting the local concentrations of
active sites on the poly ACHTUNGTRENNUNG(styrene) brush.


At 0.5 mol%, activity of the homogeneous catalyst im-
proved, owing to the increased probability of interactions of
active sites in solution (Figure 3). However, 4b still retained


higher activities compared to the homogeneous CoIII�salen
catalyst. Additionally, 4b exhibited increased activities over
4a, a result attributed to two improvements in design: in-
creased flexibility and hydrophilicity of the salen�poly-
ACHTUNGTRENNUNG(styrene) linker. The flexibility of the six atom linker be-
tween the salen and polyACHTUNGTRENNUNG(styrene) backbone permitted three
dimensional translational and rotational freedoms, potential-
ly leading to enhanced site–site interactions.[20] The rigid
phenylene linker was hypothesized to permit rotational free-
dom, but restrict translational freedom of the pendant cata-
lyst in 4a, lessening these interactions. In addition, the hy-
drophilicity of the ethylene glycol linker of 4b was envi-


Figure 2. Kinetic data for the HKR of epichlorohydrin at 0.01 mol%:
4b ee (&), 4b conversion (&), homogeneous CoIII�salen ee (~), and
ACHTUNGTRENNUNGhomogeneous CoIII�salen conversion (~).


Figure 3. Enantiomeric excesses for the HKR of epichlorohydrin at 0.5
mol%: 4b (&), homogeneous CoIII�salen (&), 4a (~), and 7 (J).
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sioned to further aid activities in this multiphase system,
owing to its affinity for water near the CoIII�salen active
sites. Additionally, the longer linker in 4b would result in
less steric hinderance from the poly ACHTUNGTRENNUNG(styrene) backbone than
4a. Both catalysts displayed high enantioselectivities during
the HKR reaction. Catalyst 4a displayed 95% ee for epi-
chlorohydrin and >99% ee for the 3-chloro-1,2-propanediol
product after 120 minutes. Catalyst 4b displayed >99% ee
for both epichlorohydrin and the diol product after 60 min-
ACHTUNGTRENNUNGutes.


For comparison of the catalyst architectures, an analogous
CoIII�salen catalyst was grafted (Scheme 3) onto mesopo-
rous SBA-15 silica (7), similar to previous reports of silica
supported salen catalysts.[23,24] Compound 1a was reacted
with 3-mercaptopropyltrimethoxysilane (MPTMS), forming
salen-modified silane 5 by means of a thiol coupling. Com-
pound 5 was metalated with cobalt(II) acetate, forming
CoII�salen-modified silane 6. Compound 6 was reacted with
mesoporous SBA-15, generating the silica supported CoII�
salen precatalyst 7. Using nitrogen physisorption experi-
ments, decreasing BET surface areas (888 m2g�1 to
537 m2g�1) and average pore diameters (80 angstroms to 65
angstroms) were observed after grafting 5 to the silica sur-
face, indicating the organic species were being immobilized
within the mesopores. Elemental analysis confirmed a cobalt
loading of 0.35 mmolg�1 on the silica support. After activa-
tion with acetic acid, precatalyst 7 was tested in the HKR of
epichlorohydrin at 0.5 mol%. Precatalyst 7 showed greatly
reduced eeKs of 31% at 22% conversion after 30 minutes.
The low activity and selectivity of 7 versus 4a or 4b was at-
tributed to poor site–site interactions and hindered Co�
salen cooperativity that resulted from the inability to graft
high local densities of the salen ligand on the silica surface.
This is consistent with related work on epoxide ring-opening
with Cr�salen catalysts.[24] Despite possessing lower cobalt
loadings, polymer brushes 4a,b were thought to contain
higher local concentrations of the cobaltACHTUNGTRENNUNG(III)�salen active
site, leading to the greatly enhanced activities versus the
silica grafted material 7.


In recycle studies on the most active catalyst 4b, high
enantioselectivities of the remaining epoxide (>99%) were
retained after each of five runs, however the reaction rates
were observed to decrease after each subsequent run
(Table 1). The time required to achieve >99% eeKs in-
creased by roughly a factor of ten (45 to 420 min) and maxi-


mum initial turnover frequencies (TOFs) dropped from 30.2
to 4.1 min�1 after five cycles. These results echo observations
by other researchers of retained high selectivities with de-
creasing activities (or lengthened reaction times) upon recy-
cle of Co�salen catalysts.[6,8,25] However, the deactivation
mechanism has yet to be thoroughly investigated.


Several possibilities existed to explain the catalyst deacti-
vation: cobalt leaching, ligand decomposition, polymer loss
(non-surface-bound or cleavage of surface-bound polymer),
and/or counter-ion exchange.[2,25] Elemental analysis (EA)
and FT-IR of fresh and spent catalysts were compared to
elucidate possible deactivation mechanisms. EA indicated
significant losses of cobalt and nitrogen in the fresh versus
spent catalysts (Figure 4). EA also indicated a 10% carbon
loss, 6% hydrogen loss and similar silicon content after five
cycles. These data indicated ligand decomposition as the un-
derlying cause of catalyst deactivation. If cobalt leached and
the salen ligand remained intact, one would not expect to
observe 60% N or 10% C losses. If polymer cleavage or re-
moval of non-surface-bound polymer were the suspected
cause, one might expect to observe a linear relationship be-
tween Co, and C, H, N losses. Instead the data indicate


Scheme 3. Synthesis of the SBA-15 grafted CoII�salen precatalyst.


Table 1. Recycle data for catalyst 4b at 0.5 mol% catalyst.


Cycle t [min] Conv. [%] ee [a] [%] Max initial
TOF [min�1]


1 45 55 >99 30.2
2 60 55 >99 25.5
3 120 55 >99 9.4
4 210 55 99 4.8
5 420 52 99 4.1


[a] ee corresponds to the enantiomeric excess of the unreacted epichloro-
hydrin.


Chem. Eur. J. 2008, 14, 7306 – 7313 F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 7309


FULL PAPERPolymer Brush Catalysts for Kinetic Resolution



www.chemeurj.org





slight C and H losses and significant Co and N losses, an ob-
servation much more consistent with decomposition of the
salen ligand. The hypothesized mechanism for this decom-
position is presumed to involve cleavage of the imine bonds
in the salen ligand. Imines are known to cleave in the pres-
ence of water with an acid catalyst. Any acetic acid remain-
ing from the activation step of the CoII�salen to the CoIII�
salen could catalyze the decomposition of the Schiff base in
the presence of water during the HKR reaction. Alternately,
unremoved water from the HKR reaction or water vapor
absorbed from the air could produce the same result during
the activation step with acetic acid (although extensive
washing steps with dry THF between cycles was undertaken
to minimize residual water). The resulting amine and cobalt
species would be removed during the THF washing steps,
leading to catalyst loss and possibly explaining the EA re-
sults and observed deactivation. It may also be possible that
counter-ion exchange was occurring at long reaction times,
compounding the problem of salen decomposition. Jain
et al. recently suggested counter-ion exchange of Co�OAc
to Co�OH could lead to catalyst deactivation.[25] This is con-
sistent with the previous report that the fastest HKR rates
were observed when a roughly equal ratio of Co�X (X=


SbF6
�) to Co�OH was used, with the Co�OH performing


the nucleophilic attack on the epoxide.[2] Therefore it is sug-
gested that a balance of Co�OH and Co�X is required for
good activity, although it should be mentioned that no
report of the experimental observation or verification of
Co�OH species has appeared. In the present work, decom-
position of the salen ligand was the presumed cause of deac-
tivation of catalyst 4b, resulting in reduced rates after two
cycles. As the reaction time lengthened, counter-ion ex-
change to high fractions of Co�OH could be compounding
problems, leading to further deactivation of the catalyst.
This possibility could not be discounted.


To further investigate catalyst deactivation, FT-IR was uti-
lized to compare the fresh and spent catalysts (Figure 5).
The imine bands were the main peaks of interest. Non-
metalated salen ligand displayed a large imine stretch at ñ=


1631 cm�1, which shifted to ñ=1596 cm�1 upon incorpora-
tion of cobalt into the ligand. Unmetalated and metalated


polymer brushes 3b and 4b displayed similar shifts from ñ=


1629 to 1601 cm�1, respectively. After 1 and 5 cycles of cata-
lyst 4b, the imine stretch at ñ=1603 cm�1 displayed a sub-
stantial decrease in intensity. Additionally, evidence of an
unmetalated imine stretch in the ñ =1630 cm�1 region began
to reappear as a shoulder, although not nearly as intense as
the unmetalated polymer brush 3b. These results indicate a
significant reduction in the Co�salen structure upon reuse
of the catalyst. The FT-IR results support the hypothesis of
cleavage of the C=N bond, accompanied by loss of cobalt
from the fragmenting ligand. Since a strong imine stretch at
1630 cm�1 did not reappear in the FT-IR spectra of the
spent catalysts, it may be reasoned that just leaching of the
cobalt from the intact ligand was not the underlying cause
of deactivation.


Conclusion


Presented here is the first example of utilizing pendant poly-
mer brush catalysts for enhancing cooperative catalysis. It is
also one of very few examples of polymer brush catalysts in
general.[14,15] Additionally, catalyst 4b appears to be among
the most active, solid, insoluble Co�salen HKR catalysts.
Results indicate this novel catalyst promotes bimetallic in-
teractions of the Co�salen catalyst, leading to high activities.
This type of catalyst could be especially useful for a variety
of reactions that are proposed to require cooperative cataly-
sis.[17] This architecture could also be beneficial to obtain
higher loadings and/or higher local concentrations of cata-
lyst on insoluble supports versus traditional grafting ap-
proaches. The silica support provided for facile recovery of
the catalyst in contrast to highly active, but more difficult to
recover examples of oligomeric, polymeric, and dendritic
materials. In addition to catalyst architecture, a flexible/hy-
drophilic linker was hypothesized to further aid activity. The
polymer brush catalyst was observed to retain high enantio-
selectivities up to five cycles in the HKR of epichlorohydrin,


Figure 4. Retention of nitrogen and cobalt in catalyst 4b upon recycle.


Figure 5. FT-IR spectra of a) non-metalated homogeneous salen ligand,
b) homogeneous Co�salen complex, c) non-metalated polymer brush 3b,
d) Co�salen polymer brush 4b, e) polymer brush catalyst 4b after 1
cycle, and f) polymer brush catalyst 4b after 5 cycles.
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despite a drop in activity. Cleavage of the salen ligand was
the suggested cause of the catalyst deactivation as indicated
by FT-IR and elemental analysis investigations of the spent
catalyst.


Experimental Section


General : Reagents were used as received unless otherwise noted. Di-
chloromethane (DCM) was dried by passing through columns of activat-
ed alumina. Toluene and tetrahydrofuran (THF) were dried by passing
through columns of activated copper oxide and alumina successively.[26]


Styrene was dried over activated 3 M molecular sieves, purified by distil-
lation, and stored in a nitrogen glovebox. Non-porous CAB-O-SIL M5
fumed silica (BET surface areas 200 m2g�1) was purchased from Cabot
Corporation (Tuscola, IL, USA), dried under vacuum (200 8C, 3 h), and
stored in a nitrogen glovebox prior to functionalization. 1H and 13C NMR
spectra were acquired with a Varian Mercury 400 MHz spectrometer, and
chemical shifts (d) were reported in ppm with reference to the corre-
sponding residual nuclei of the deuterated solvents. Cross-polarization
magic-angle spinning (CP-MAS) solid-state NMR spectra were collected
by using a Bruker DSX 300 MHz instrument. Samples were packed in
7 mm zirconia rotors and spun at 6.6 kHz. Typical 13C CP-MAS parame-
ters were 3000 scans, a 908 pulse length of 4 ms, and recycle times of 4 s.
Typical 29Si CP-MAS parameters were 5000 scans, a 908 pulse length of
5 ms, and recycle times of 5 s. Mass spectra were analyzed using a VG
7070 EQ-HF hybrid tandem mass spectrometer. Transmission electron
microscopy experiments (TEM) was performed using a Hitachi HD-2000
field emission gun microscope. Gel-permeation chromatography (GPC)
analyses were performed with American Polymer Standards columns
equipped with a Waters 510 pump and UV detector, using poly ACHTUNGTRENNUNG(styrene)s
as standards for calibration and THF at a flow rate of 1.0 mLmin�1 as the
mobile phase. Enantiomeric excesses were determined by capillary gas-
phase chromatography (GC) analysis on a Shimadzu GC 14 A instrument
equipped with a FID detector and a Chiraldex g-TA column (40 mJ
25 mmJ0.25 mm). A Netzsch Thermoanalyzer STA 409 was used for ther-
mogravimetric analysis (TGA) and differential scanning calorimetry
(DSC) with a heating rate of 10 8Cmin�1 in air. Fourier transform infra-
red (FT-IR) spectra were recorded on a Bruker IFS 66 V/S or Bruker
Equinox 55 spectrometers by dispersing samples in potassium bromide
pellets. A Fischer Scientific FS60H, was used for ultrasonication purposes
to disperse samples in solution. Elemental analyses were performed by
Desert Analytics Lab (Tucson, AZ, USA).


Synthesis of grafted ATRP initiator (2): The initiator 3-(trimethoxysilyl)-
propyl 2-bromo-2-methylpropanoate was synthesized as previously re-
ported.[19] The product was purified by distillation and stored in a nitro-
gen glovebox. Non-porous CAB-O-SIL M-5 fumed silica (1.00 g), which
was previously dried under vacuum (200 8C, 3 h) prior to use, was sus-
pended in dry toluene (30 mL) in a nitrogen glovebox. 3-(Trimethoxysi-
lyl)propyl 2-bromo-2-methylpropanoate (1.00 g) was added. The mixture
was sonicated (15 min) to disperse the silica and refluxed under an argon
atmosphere (48 h). The solid was filtered and washed with copious
amounts of toluene, hexanes, methanol, and diethyl ether. The immobi-
lized bromoisobutyrate initiator (2) was dried under vacuum (150 8C, 3 h)
and stored in a nitrogen glovebox. TGA of the solid revealed that ap-
proximately 0.24 mmolg�1 of the bromoisobutyrate initiator was grafted
on the silica surface. IR (KBr): ñ=3430, 2953, 2852, 1727 (C=O), 1630,
1100, 815 cm�1.


Synthesis of polymer brushes (3a,b): A pressure reactor (50 mL) was
charged with styryl-modified salen ligand (1a or 1b, 0.5 mmol), toluene
(5 mL), immobilized bromoisobutyrate initiator (2, 0.30 g), styrene
(0.21 g, 2 mmol), and 2.5 mL of a copper (I) bromide/1,1,4,7,10,10-hexa-
ACHTUNGTRENNUNGmethyltriethylenetetramine (HMTETA) mixture (2 mmol HMTETA,
1 mmol CuBr, and 30 mL toluene) in a nitrogen glovebox. The mixture
was sonicated (15 min) to disperse the silica and stirred (110 8C, 72 h)
under argon. The reaction mixture was cooled to room temperature,
opened to air, sonicated (30 min), and the solid was isolated by centrifu-


gation. The particles were re-dispersed in dry toluene (40 mL), sonicated
(30 min), and allowed to stand overnight. The green precipitate was re-
moved, and the polymer brushes were then recovered by centrifugation.
The particles were re-dispersed in dry toluene (40 mL), sonicated until
no particles were visually observed (30 min), and the washing procedure
was repeated 6 times. Thermal induced polymerization of styrene likely
generated polymer chains not attached to the silica surface. The extensive
washing steps were undertaken to minimize free polymer chains from the
solid material. The polymer brushes were dried under vacuum at room
temperature overnight. TGA of 3a indicated an organic loading of 50%.
13C CP-MAS NMR (300 MHz, 25 8C): d=25–50 (aliphatic), 73 (CH�N),
120–145 (aromatic), 158 (C�O), 165 ppm (C=N); 29Si CP-MAS NMR
(300 MHz, 25 8C): d=�110, �105, �90, �65, �60, �50 ppm; IR (KBr):
ñ=3430, 3086, 3063, 3031, 2957, 2934, 2865, 1727 (C=O), 1630 (s, C=N),
1456, 1102, 815, 703; TGA of 3b indicated an organic loading of 48%;
13C CP-MAS NMR (300 MHz, 25 8C): d=25–80 (aliphatic, cyclohexyl,
CH2-O), 120–145 (aromatic), 159 (C�O), 166 ppm (C=N); 29Si CP-MAS
NMR (300 MHz, 25 8C): d =�110, �102, �90; and �66, �57, �50 ppm
(CP MAS 13C and 29Si spectra contained in the Supporting Information);
IR (KBr): ñ=3416, 3084, 3061, 3028, 2951, 2930, 2863, 1724 (C=O), 1632
(C=N), 1456, 1104, 803, 700 cm�1.


Cleavage of grafted polymer from silica : The polymer brushes (30 mg, 3a
or 3b) were dispersed in DCM (20 mL) in a 50 mL polypropylene bottle,
and the mixture was sonicated for 30 min. Using proper safety precau-
tions, aqueous hydrofluoric acid (2m, 20 mL) was carefully added, and
the mixture was shaken vigorously for 10 min. The bottle was then al-
lowed to stand for 15 min. The DCM phase was then recovered, washed
with water (20 mL) four times, and dried over anhydrous magnesium sul-
fate. The solvent was roughly removed by a rotovap, and the yellow resi-
due was dried under vacuum at room temperature overnight. The poly-
mer was characterized by 1H NMR and GPC. Cleaved polymer from 3a :
1H NMR (400 MHz, CDCl3, 25 8C): d=0.82–2.0 (m), 1.26 (s), 1.33 (s),
1.43 (s), 3.35 (br, 2NCHCH2), 6.30–7.45 (aromatic), 8.35 ppm (br, CH=


N). Traces of CH=O and Ar�OH groups were observed at 9.87 and
11.64 ppm, respectively. Integration of CH=N and CH=O indicated that
approximately 5.1% of the salen ligand was hydrolyzed by hydrofluoric
acid. Integration of the imine, aldehyde, and aromatic protons indicated
a styrene/salen ratio of 4.1, closely matching the desired ratio of 4.0.
GPC indicated a multimodal distribution of polymeric molecular weights
and Mn=28700 Da. It was calculated that only 15% of the available sur-
face initiator sites were converted into polymer chains using Equa-
tion (1):


Ieff ¼ OrgTGA=ðMn � I loadingÞ ð1Þ


in which Ieff = initiator efficiency, OrgTGA = TGA organic loss (gorganic/
gmaterial), Mn = number average molecular weight of the cleaved polymer,
and Iloading = initiator loading (mmolg�1). Cleaved polymer from 3b :
1H NMR (400 MHz, CDCl3, 25 8C): d=0.8–2.0 (m), 3.31 (br, 2NCHCH2),
3.56 (br, OCH2CH2O), 4.41 (br, Ar-CH2-O), 6.30–7.45 (aromatic), 8.35
(br, CH=N), 9.87 (CH=O), 11.64 ppm (Ar-OH). Integration of CH=N
and CH=O indicated that approximately 7.5% of the salen ligand was
hydrolyzed by hydrofluoric acid. Integration of the imine, aldehyde, and
aromatic protons confirmed a styrene/salen ratio of 4.3, closely matching
the desired value of 4.0. GPC studies indicated a multimodal distribution
of polymeric molecular weights and Mn=21500 Da. Using Equation (1),
it was calculated that only 19% of the available surface initiator sites
were converted into polymer chains.


Synthesis of CoII�salen polymer brush precatalysts (4a, 4b): A flask
(100 mL) was charged with the polymer brushes (3a or 3b, 400 mg) and
anhydrous DCM (10 mL) in a nitrogen glovebox. A solution of anhy-
drous cobalt(II) acetate (80 mg) in anhydrous methanol (10 mL) was
then added. A brick-red powder was observed immediately in the reac-
tion mixture. The brick-red suspension was sonicated (30 min) to disperse
the particles in the solution. The reaction mixture was refluxed (40 h)
under an argon atmosphere. The suspension was then cooled to room
temperature and transferred to a centrifuge tube in a nitrogen glovebox.
The solid was recovered by centrifugation. Anhydrous methanol (40 mL)
was added, the suspension was sonicated (30 min), and the solid was re-
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covered by centrifugation. The washing procedure was repeated 6 times.
The brick-red CoII�salen precatalyst was dried under vacuum at room
temperature overnight. Elemental analysis (ICP-MS) of the pre-catalyst
indicated a cobalt loading of 0.30 mmolg�1. for 4a and 0.28 mmolg�1 for
4b. The cobalt loading on the polymer chains were calculated from
Equation (2):


Coexp ¼ CoEA=OrgTGA ð2Þ


in which Coexp=experimental polymeric cobalt loading (mmol Cog�1


poly ACHTUNGTRENNUNGmer) and CoEA=cobalt loading of the solid catalyst as determined
by means of elemental analysis (mmol Cog�1 solid). The theoretical max-
imum cobalt loading was calculated from Equation (3):


Coth ¼ 1=ðMWstyrene � RþMWsalenÞ ð3Þ


in which Coth= theoretical polymeric cobalt loading assuming complete
metalation of the salen monomers (mmolCog�1 polymer), MWstyrene= sty-
rene molecular weight (gmol�1), R= styrene/salen ratio as determined by
using 1H NMR spectroscopy, and MWsalen= styryl�salen molecular weight
(gmol�1). The effectiveness of the cobalt metalation step was calculated
by using Equation (4):


Meff ¼ Coexp=Coth ð4Þ


in which Meff=percent efficiency of the metalation procedure. From
these calculations, it was determined only 62% and 68% of the salen li-
gands were metalated with cobalt for species 4a and 4b, respectively.


Synthesis of CoII�salen grafted silica precatalyst (7): A salen ligand was
grafted onto an SBA-15 support using modified methods from litera-
ture.[23] A solution of styryl-modified salen ligand (1.80 g, 3.0 mmol, 1a)
in dry chloroform was added to a solution of 3-mercaptopropyltrimethoxy-
silane (MPTMS, 0.72 g, 3.6 mmol) and AIBN (0.24 g, 1.5 mmol) in dry
chloroform. The solution was heated at 80 8C for 24 h and then cooled to
room temperature. The solvent was removed under vacuum. Flash chro-
matography of the crude product with ethyl actetate/hexanes afforded
the compound 5 as yellow oil. 1H NMR (400 MHz, CDCl3, 25 8C): d=


14.15 (br s, 1H; -OH), 13.60 (br s, 1H; -OH), 8.41 (s, 1H; N=CH), 8.18 (s,
1H; N=CH), 7.48 (d, J=2.4 Hz, 1H; ArH), 7.40 (s, 1H; ArH), 7.38 (s,
1H; ArH), 7.32 (d, J=2.4 Hz, 1H; ArH), 7.24 (s, 1H; ArH), 7.23 (s, 1H;
ArH), 7.20 (d, J=2.4 Hz, 1H; ArH), 6.99 (d, J=2.4 Hz, 1H; ArH), 3.59
(s, 9H; OMe), 3.36–3.23 (m, 2H; CH2), 2.93–2.89 (m, 2H; CH2), 2.82–
2.78 (m, 2H; CH2), 2.62–2.58 (m, 2H; CH2), 2.04–1.97 (m, 2H; CH2),
1.90–1.88 (m, 2H; CH2), 1.77–1.73 (m, 4H; CH2), 1.47 (s, 9H; CMe3),
1.48–1.46(m, 2H; CH2), 1.43 (s, 9H; CMe3), 1.23 (s, 9H; CMe3), 0.81–
0.78 ppm (m, 2H; CH2);


13C NMR (100.6 MHz, CDCl3, 25 8C): d=165.72,
165.31, 159.56, 157.66, 139.68, 138.97, 138.65, 137.18, 136.09, 130.37,
128.56, 128.02 127.85, 126.62, 126.52, 125.80, 118.52, 117.60, 72.33, 72.28,
50.56, 36.01, 35.19, 34.95, 34.05, 33.49, 33.20, 31.44, 29.44, 27.62, 24.39
23.05, 8.69, 8.32 ppm (1H and 13C NMR spectra can be found in the sup-
porting information); MSACHTUNGTRENNUNG(ESI): m/z : 789 [M+].


A solution of the salen-modified silane 5 (2.06 g, 2.6 mmol) in dry chloro-
form was added to a solution of cobalt(II) acetate (0.46 g, 2.6 mmol) in
dry methanol. The solution was stirred at room temperature for 4 h and
then filtered to afford 6 as a red colored solid. MS ACHTUNGTRENNUNG(ESI): m/z : 846 [M+];
elemental analysis calcd (%) for C46H66N2SSiO5Co: C 65.30, H 7.86, N
3.31, Co 6.97; found: C 65.74, H 7.63, N 3.56, Co 6.22.


SBA-15 was synthesized by a slightly modified method[27] based on pub-
lished procedures.[28] A solution of (2.0 g) of compound 6 in dry toluene
was added to a mixture of SBA-15 (2.0 g) in dry toluene in a nitrogen
glovebox. The reaction was stirred under reflux conditions for 24 h, fil-
tered and washed with toluene and hexanes. The red solid obtained was
soxhlet extracted with dichloromethane for 12 h, and the resulting solid
was dried under vacuum at 50 8C, overnight. Elemental analysis of preca-
talyst 7 indicated a cobalt loading of 0.35 mmolg�1; IR (KBr): ñ =2952,
2863, 1610, 1521, 1434, 1388 cm�1; UV/Vis: lmax (e)=375, 420 nm.


Procedure for the hydrolytic kinetic resolution of epichlorohydrin : To
test the catalyst at 0.5 mol%, a 5 mL pear shaped flask was charged with


the CoII�salen polymer brush precatalyst (0.015 mmol using a cobalt
basis, 4a, 4b, or 7), DCM (1 mL), glacial acetic acid (0.1 mL), and a tri-
angular stir bar. The flask was sonicated (5 min) to disperse the particles
and stirred under air (30 min). The solvent and acetic acid were removed
by using a rotovap and dried under high vacuum (30 min) leaving the
solid, brown activated CoIII�salen polymer brush catalyst. The catalyst
was dispersed into racemic epichlorohydrin (234.6 mL, 3 mmol) and chlor-
obenzene (27.3 mL, internal standard) and immersed into a water bath at
room temperature. Deionized water (0.6 equiv, 32.4 mL, 1.8 mmol) was
added to initiate the reaction. Samples (2 mL) were periodically removed
from the reaction mixture by means of a micropipette, then diluted with
anhydrous diethyl ether (2 mL), and passed through a plug of silica gel in
a Pasteur pipette to remove the catalyst and water. Conversions and en-
antiomeric excesses of epichlorohydrin were measured by GC with a
Chiraldex g-TA column with reference to the chlorobenzene internal
standard.


Procedure for recycle experiments : Recycle experiments of the polymer
brush catalyst were started similarly to the intitial experiments. The mass
of the dry flask and stir bar was recorded. Catalyst (0.025 mmol using a
cobalt basis) was added (scaling other parameters appropriately) and the
reaction was performed as described above. The reaction was terminated
by addition of excess THF (3 mL). The solid catalyst was recovered by
using a centrifuge (2500 rpm, 30 min) and the solution was decanted.
Fresh THF (3 mL) was added, and the solid was dispersed by means of
sonication. The washing procedure was repeated four times to remove
water, chlorobenzene, 3-chloro-1,2-propanediol, and epichlorohydrin.
The solid was dried under high vacuum, and the mass of the flask, stir
bar, and recovered catalyst was recorded. Recycle experiments were
scaled according to the mass of recovered catalyst, as the centrifuge
proved insufficient to completely recover the solid particles. Reactivation
of the catalyst with acetic acid was performed before each cycle, because
it has been shown important for retention of high activities.[25]
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Ring-Closing Metathesis in the Synthesis of BC Ring-Systems of Taxol


Cong Ma,[a] St&phanie Schiltz,[a] Xavier F. Le Goff,[b] and Jo2lle Prunet*[a]


Introduction


Taxol (1) and Taxotere (2) are very effective agents for the
treatment of breast and ovarian cancer worldwide.[1] In spite
of numerous synthetic approaches, including six total syn-
theses,[2] they still constitute a remarkable challenge for or-
ganic chemists because of their sterically hindered and
highly functionalized structures.


Ring-closing metathesis (RCM) has been shown to be a
very versatile and efficient tool for the synthesis of natural
products.[3] During our previous studies towards the synthe-
sis of taxol, we observed the first formation of a trans cyclo-
octene by RCM, which closed the B-ring between C9 and
C10.[4] We then envisioned a semiconvergent retrosynthesis
of compound 3, which is an intermediate described by
Holton in his synthesis of taxol (Scheme 1). The A ring
would be formed at a late stage by performing an intramo-
lecular aldol reaction between the two ketone groups at C11
and C13 in compound 4.[5] The B ring of 5 would be formed
by ring-closing metathesis between the two alkenes at C10
and C11. The metathesis precursor 6 would be prepared by
a Shapiro reaction between the lithium derivative of hydra-
zone 8 and aldehyde 7. Here, we wish to report the synthesis


of models of compound 5, with no alkoxy group at C7 and
no ketal function at C13. In addition to our preliminary
study,[6] the influence of the group protecting the C1,C2-diol
moiety has been thoroughly studied.


Results and Discussion


Aldehyde 9 was prepared as a racemic mixture, according to
our previous work.[6] Ketone 10 was synthesized in an excel-
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Scheme 1. Retrosynthesis of taxol.
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lent overall yield by a Barbier reaction between prenyl bro-
mide and valeraldehyde,[7] followed by oxidation of the re-
sulting alcohol with iodoxybenzoic acid.[8] Transformation of
this ketone to aldehyde 9 was effected by conversion to cya-
nohydrin 11 with trimethylsilyl cyanide in the presence of
ZnI2, and reduction of the latter by DIBAL-H (Scheme 2).[9]


As shown in Scheme 3, the synthesis of optically active
hydrazone 12 began with known diol 13,[10] which could be
synthesized according to dMAngeloMs method.[11] Protection


of the primary alcohol of compound 13 as its trityl ether, fol-
lowed by oxidation of the secondary alcohol provided
ketone 14, which was efficiently converted to hydrazone 12
with trisyl hydrazine under acidic conditions.


The Shapiro coupling reaction of racemic aldehyde 9 and
enantiopure hydrazone 12 was then studied. Although
nBuLi is a common choice for the base employed in the
Shapiro reaction, use of tBuLi was proven necessary in our
case. An unsuccessful trial with MeLi confirmed the impact
of the pKa of the base on our Shapiro coupling. The desired
product was obtained as a mixture of two diastereomers.
Deprotection of the tertiary hydroxy site by removal of the
TMS group was then immediately performed to provide
diols 15a and 15b, which were easily separated by column
chromatography in very good yield (Scheme 4).


In our preliminary study,[6] ketone 14 was converted into
the corresponding vinyl bromide in three steps, and the cou-
pling reaction effected by lithium–halogen exchange to form
the required vinyl lithium intermediate. Diols 15a and 15b


were produced in 71% combined yield after hydrolysis of
the TMS ether. The present route saves two steps, and the
Shapiro coupling, although a delicate reaction to perform,
leads to the desired diols in a high yield (80%).


The coupling reaction is very diastereoselective in favor
of the trans diols (two isomers are obtained because the al-
dehyde 9 is racemic).[12] This high diastereoselectivity had al-
ready been obtained for similar coupling reactions realized
during previous studies on taxol precursors in our laboratory
(Scheme 4).[13] The structure of diol 15b was determined by
X-ray analysis;[6] this diastereomer possesses the configura-
tion found in taxol at the C1, C2, and C8 stereocenter. The
structure of compound 15a was secured by X-ray analysis of
its triol derivative 16a (Scheme 5).[6]


Scheme 2. Synthesis of racemic aldehyde 9 : a) Prenyl bromide, Zn, aq.
NH4Cl, THF, 20 8C; b) IBX, THF, 20 8C, 98% over 2 steps; c) TMSCN,
ZnI2, CH2Cl2, reflux, 97%; d) DIBAL-H, CH2Cl2, �78–0 8C; silica gel,
�20 8C, 85%. IBX= iodoxybenzoic acid, TMSCN= trimethylsilyl cya-
nide, DIBAL-H=diisobutyl aluminum hydride.


Scheme 3. Synthesis of enantiopure hydrazone (�)-12 : a) DMAP·TrCl,
CH2Cl2, reflux; IBX, THF, 20 8C, 77% over 2 steps; b) TrisNHNH2,
concd HCl, THF, 20 8C, 96%. DMAP=4-dimethylaminopyridine, Tr=


trityl, Tris= triisopropylbenzenesulfonyl.


Scheme 4. Diastereoselective Shapiro coupling reaction. a) tBuLi, THF,
�78 8C; b) HCl (1n), 20 8C, 43% for 15a, 37% for 15b, respectively.


Scheme 5. Synthesis of metathesis precursors, carbonates 18a and 18b :
a) Amberlyst H-15, MeOH, 20 8C; b) PBu3, o-nitrophenylselenocyanate,
THF, 20 8C; c) carbonyl diimidazole, toluene, reflux; d) H2O2, THF, 20 8C.
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Both isomers 15a and 15b were converted to substrates
for the metathesis reaction, to evaluate the influence of the
relative stereochemistry of the diol motif and the C8 stereo-
center on the metathesis reaction. All the following reac-
tions have been performed on the two diastereomers sepa-
rately. The primary trityloxy group had to be converted into
a terminal olefin. For this purpose, triols 16a and 16b were
first obtained by treatment of 15a and 15b with Amberlyst-
15 resin in methanol (Scheme 5). The terminal olefin was
then obtained by using GriecoMs method: after selective
transformation of the primary alcohol into the correspond-
ing selenide (which also served as a temporary protecting
group), diols 17a and 17b were protected as their carbonate
derivatives, and final treatment with H2O2 led to the meta-
thesis precursors 18a and 18b. The three steps (from the
triols) were performed without any intermediate purifica-
tion. This sequence is slightly more efficient than the one
we previously used (protection of the diol as the carbonate,
hydrolysis of the trityl group, and elimination of the alcohol
with GriecoMs procedure).[6]


Metathesis precursors 19a and 19b, in which the diol
moiety is protected as an acetonide were also synthesized
(Scheme 6). Treatment of triols 16a and 16b with 2,2-dime-


thoxypropane and CSA furnished the corresponding aceto-
nides, then GriecoMs method afforded the desired products
19a and 19b in good overall yields. Once again, no inter-
mediate purification was necessary.


Besides the two precursors 18 and 19, which possess a
five-membered protecting group for the C1,C2- diol, we de-
cided to prepare two other types of precursors, in which the
diol moiety was monoprotected or not protected at all, to
test the influence of the conformation of the dienes on the
ring-closing metathesis reaction. Simple treatment of dienes
18a and 18b with PhLi provided ring-opened products 20a
and 20b, respectively (Scheme 7).


As shown in Scheme 8, direct transformation of triol 16a
into the corresponding diene by GriecoMs method led to the
corresponding epoxide product 21a in modest yield, along
with decomposition products. However, use of ammonium
molybdate tetrahydrate in H2O2 at �10 8C for 5 min for the
oxidation step afforded the desired dienes 22a and 22b in
excellent yields.


The ring-closing metathesis experiments were first per-
formed with the carbonate substrates. Diastereomer 18a,
which possesses the wrong stereochemistry for taxol at C1
and C2, did not furnish any cyclized product, either with
Grubbs first- (Grubbs 1)[14] or second-generation (Grubbs
2)[15] catalysts in 1,2-dichloroethane at reflux. Longer reac-
tion time (several days) with the latter complex only result-
ed in decomposition. However, when the other diastereomer
18b was exposed to 30 mol% of Grubbs 1 catalyst, the cor-
responding cyclooctene 23b was obtained in 65% yield as
the Z isomer exclusively after several days at ambient tem-
perature (Table 1). No trans cyclooctene was detected, con-
trary to our previous study in which the metathesis closed
the B ring between C9 and C10.[4a] Use of second-generation


Scheme 6. Synthesis of metathesis precursors, acetonides 19a and 19b :
a) 2,2-Dimethoxypropane, CSA, 20 8C; b) PBu3, o-nitrophenylselenocya-
nate, THF, 20 8C; c) H2O2, THF, 20 8C. CSA=camphor-10-sulfonic acid.


Scheme 7. Synthesis of metathesis precursors 20a and 20b : a) PhLi, THF,
�78 8C.


Scheme 8. Synthesis of metathesis precursors 22a and 22b : a) PBu3, o-ni-
trophenylselenocyanate, THF, 20 8C; b) H2O2, THF, 20 8C, 20%; c) PBu3,
o-nitrophenylselenocyanate, THF, 20 8C; d) H2O2, (NH4)6Mo7O24·4H2O,
THF, �10 8C.


Table 1. Metathesis of carbonates 18b.[a]


Catalyst ([mol%]) T [8C] t Yield [%]


Grubbs 1 (30) 20 5 d[b] 65
Grubbs 2 (10) 80 1 h 69
ACHTUNGTRENNUNG[RulMes] (5) 80 1 h 72


[a] Reaction conditions: a) catalyst, 1,2-dichloroethane. [b] The reaction
was started with 10 mol% Grubbs 1, and 5 mol% additional catalyst was
added every day.
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catalysts Grubbs 2 or [RuIMes][16] also led to 23b in a com-
parable yield (69 and 72%, respectively), but the reaction
was complete in only 1 h.


The acetonide derivatives were then subjected to Grubbs
2 catalyst. After 30 min in CH2Cl2 at reflux, diastereomer
19a only led to dimeric products 24 and 25 in a 3:1 ratio, fa-
voring the head-to-head dimer (Scheme 9). This result con-


firmed that the less-hindered C10 olefin is the site of initial
carbene formation. A prolonged reaction time did not show
a significant effect. Cyclization of the other diastereomer
19b was exceptionally rapid, and bicycle 26b was obtained
in quantitative yield after only 5 min in 1,2-dichloroethane
at reflux.


Our attempt at the ring-closing reaction with dienes 20a
and 20b showed an interesting conformation/reactivity rela-
tionship. Treatment of benzoate 20a (wrong diastereomer)
with both Grubbs 1 and 2 catalysts provided the desired cy-
clized product (Table 2). These results tend to prove that
the cyclic protecting groups lock the metathesis precursors
in an unfavorable conformation for cyclization of the wrong
diastereomer. Heating 20a with Grubbs 1 in 1,2-dichloro-


ethane at reflux for 36 h or with Grubbs 2 in dichlorome-
thane at reflux for 18 h furnished the same cyclooctene 27a
in 71 and 84% yield, respectively. No product was observed
at a lower temperature. Diastereomer 20b (the desired dia-
stereomer), when reacted with Grubbs 1 and 2, also afford-
ed the corresponding cyclooctene 27b, but the reaction con-
ditions were milder. Bicycle 27b was obtained in 78% yield
by treatment with Grubbs 1 at 40 8C and in quantitative
yield by treatment with Grubbs 2 at ambient temperature
after only 15 min (Table 2).


Finally, diols 22a and 22b were exposed to the different
Grubbs catalysts. Unfortunately diol 22a (the wrong diaste-
reomer) only led to decomposition. However, diastereomer
22b (the desired diastereomer) was successfully converted
into the corresponding cyclooctene 28b as colorless needle
crystals in quantitative yield after 1 h in dichloromethane at
reflux (Scheme 10). The structure of this cyclooctene was
confirmed by X-ray analysis.[17] The decomposition or low
reactivity[18] or occasional loss of methylene[19] in ring-closing
metathesis reactions in the presence of a diol were not ob-
served in our case.


The 1H NMR spectrum of cyclooctene 27b exhibits a
broadening of signals for the protons at C4 and C10, which
is probably due to the presence of rotamers induced by the
benzoate group. The expected NMR spectrum could be ob-
served by heating 27b at 65 8C in deuterated DMSO. This
compound was also correlated to cyclic diol 28b by reduc-
tion of the benzoate ester with LiAlH4 (Scheme 10).


An unusual oxidative fragmentation of the 1,2-diol moiety
was observed in our attempt to form bicycle 28b from un-
purified diol 22b. As shown in Scheme 11, the metathesis re-
action on unpurified diol 22b led to the desired cyclized
product 28b in 71% yield, along with keto aldehyde 29 in


Scheme 9. Metathesis of acetonides 19a and 19b : a) 5 mol% Grubbs 2,
CH2Cl2, reflux, 87% for the mixture of 24 and 25 ; b) 5 mol% Grubbs 2,
1,2-dichloroethane, reflux, quant.


Table 2. Metathesis of monoprotected benzoates 20a and 20b.


Isomer series Catalyst ([mol%]) T [8C] t Yield [%]


a Grubbs 1 (5) 80 36 h 71
Grubbs 2 (5) 40 18 h 84


b Grubbs 1 (5) 40 12 h 78
Grubbs 2 (5) 20 15 min quant.


Scheme 10. Metathesis of diol 22b : a) 5 mol% Grubbs 2, CH2Cl2, reflux,
quant.; b) LiAlH4, THF, 0 8C, 83%.
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22% yield. We assumed that this oxidative cleavage was
mediated by a high oxidation state ruthenium complex de-
rived from the Grubbs 2 catalyst and the residual o-nitro-
phenyl seleninic acid from the Grieco reaction, which is the
only oxidant present in the reaction.[20] To check this hy-
pothesis, reaction of diol 28b with Grubbs 2 catalyst was
then carried out in the presence of stoichiometric phenyl se-
leninic acid, and the oxidized product 29 was obtained in
67% yield (Scheme 11).[21]


Finally, molecular modeling has been performed to try to
explain the difference in behavior between the two diaste-
reomers of the metathesis precursors bearing a cycling pro-
tecting group for the diol moiety. Systematic energy minimi-
zation experiments[22] led to the preferred conformations of
carbonates 18a and 18b (Figure 1). Comparison between
the C10–C11 distances in both diastereomers clearly shows
that cyclization should be favored in the case of 18b.


Conclusion


We have synthesized highly functionalized cyclooctenes by
using a ring-closing metathesis reaction at C10–C11 to form
the B ring. This key step was highly efficient for the dia-
steromer possessing the desired configuration for the C1
and C2 stereocenters of taxol, regardless of the diol protect-
ing group. We even performed the RCM reaction on the un-
protected diol in an excellent yield. On the other hand, the


cyclic protecting groups, such as a carbonate or an aceto-
nide, seem to lock the undesired diastereomer in a confor-
mation which is unfavorable for cyclization, and only the
monobenzoate 20a is a good substrate for metathesis.


These results are in sharp contrast with those observed in
our previous route involving a metathesis to close the B-ring
between the C9 and the C10 carbon atom.[4] In this case, the
cyclic protecting groups were mandatory for both diastereo-
mers to obtain good yields in the RCM step.


We are currently synthesizing metathesis precursors with
all the functionalities required for the ABC tricyclic core of
taxol.


Experimental Section


Materials and methods : All solvents were reagent grade. Diethyl ether
(Et2O) and THF were freshly distilled from sodium/benzophenone under
nitrogen. Dichloromethane, DMSO, toluene, and 1,2-dichloroethane
were freshly distilled from calcium hydride. All reagents were purchased
from commercial sources. Reactions were magnetically stirred and moni-
tored by TLC with 0.25 mm precoated silica-gel plates. Flash chromatog-
raphy was performed with silica gel (particle size 0.040–0.062 mm).
Yields refer to chromatographically and spectroscopically pure com-
pounds, unless otherwise noted. IR spectra were recorded on a FTIR in-
strument. 1H and 13C NMR spectra were recorded on a 400 MHz spec-
trometer. Chemical shifts are reported relative to either chloroform (d=


7.26 ppm) or [D6]DMSO (d =2.50 ppm) for 1H NMR spectra and chloro-
form (d=77.0 ppm) for 13C NMR spectra. Optical rotations were mea-
sured on a polarimeter. X-ray structures were obtained on a diffractome-
ter.


3,3-Dimethyloct-1-en-4-one (10): 1-Bromo-3-methylbut-2-ene (6.35 g,
42.6 mmol, 1.20 equiv) was added to a solution of valeraldehyde (3.8 mL,
36 mmol) in THF (20 mL). This was followed by the addition of aqueous
ammonium chloride (sat. 100 mL). The resulting mixture was cooled to
0 8C, and activated zinc dust (6.96 g, 106 mmol, 3.00 equiv) was slowly
added. The mixture was then stirred vigorously at room temperature for
1 h (no inert atmosphere is necessary). After completion of the reaction,
the mixture was filtered through a pad of Celite, the two phases were
separated and the aqueous phase was extracted with diethyl ether. The
combined organic fractions were washed with brine, dried over magnesi-
um sulfate, filtered, and the solvent was removed at reduced pressure. A
solution of IBX (22 g, 100 mmol, 1.2 equiv) in DMSO (150 mL) was
added slowly at 20 8C to a stirred solution of the crude product (13 g,
83 mmol) in THF (150 mL). The resulting mixture was stirred at 20 8C
overnight. When the reaction was complete, water was added and the or-
ganic phase was diluted with diethyl ether. The biphasic system was
stirred for at least 3 h. The white salts were then filtered through a pad
of Celite. The aqueous phase was extracted with diethyl ether and the
combined organic fractions were washed with water and brine, dried over
magnesium sulfate, filtered, and the solvent was removed at reduced
pressure. Purification of the crude product by flash chromatography (di-
ethyl ether/petroleum ether 5:95 then 10:90) afforded the desired product
10 (12.6 g, 98% over two steps) as a pale-yellow oil. 1H NMR (CDCl3,
400 MHz): d=5.90 (dd, J=17.5, 10.5 Hz, 1H), 5.15–5.11 (d, m, 2H), 2.44
(t, J=7.2 Hz, 2H), 1.53–1.46 (m, 2H), 1.29–1.21 (m, 2H), 1.21 (s, 6H),
0.88 ppm (t, J=7.2 Hz, 3H); 13C NMR (CDCl3, 100.6 MHz): d=213.2,
142.7, 114.1, 65.8, 50.8, 37.1, 26.1, 23.5, 15.2, 13.9 ppm; IR (film): ñ=


3087, 2961, 2933, 2873, 1711, 1636, 1466, 1413, 1379, 1364, 1260 cm�1; MS
(CI, NH3): m/z : 172 [M+NH4]


+ , 155 [M+H]+ , 105.


2-(1,1-Dimethylallyl)-2-trimethylsiloxyhexanenitrile (11): A catalytic
amount of zinc iodide was added to a solution of 10 (3.33 g, 21.6 mmol)
in freshly distilled dichloromethane (70 mL). Then, TMSCN (4.32 mL,
32.4 mmol, 1.50 equiv) was added dropwise. The resulting mixture was re-
fluxed for 2 h. The solvents and excess TMSCN were then evaporated at


Scheme 11. Oxidative cleavage of diol 22b catalyzed by Grubbs 2 cata-
lyst: a) 5 mol% Grubbs 2, o-nitrophenylselenocyanate (residue), CH2Cl2,
reflux, 71% for 28b, 22% for 29, respectively; b) 5 mol% Grubbs 2, ben-
zeneseleninic acid, CH2Cl2, reflux, 67%.


Figure 1. Conformations of carbonates 18a and 18b.


www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 7314 – 73237318


J. Prunet et al.



www.chemeurj.org





reduced pressure (with a NaOCl/NaOH trap). Purification of the crude
product by flash chromatography (diethyl ether/petroleum ether 2:100
then 5:100) afforded the desired nitrile 11 (5.33 g, 97%) as a pale-yellow
oil. 1H NMR (CDCl3, 400 MHz): d=5.96 (dd, J=17.3, 11.0 Hz, 1H),
5.14–5.09 (m, 2H), 1.67–1.61 (m, 2H), 1.52–1.46 (m, 2H), 1.38–1.30 (m,
2H), 1.16 (s, 3H), 1.13 (s, 3H), 0.92 (t, J=7.3 Hz, 3H), 0.25 ppm (s, 9H);
13C NMR (CDCl3, 100.6 MHz): d =142.4, 120.4, 114.4, 79.7, 45.2, 36.5,
27.5, 22.7, 22.6, 22.4, 14.0, 1.73 ppm; IR (film): ñ=3087, 2961, 2875, 2361,
2342, 1639, 1468, 1417, 1381, 1365, 1254, 1127, 1112, 1066, 1005 cm�1; MS
(CI, NH3): m/z : 271 [M+NH4]


+ , 227, 172, 91; elemental analysis calcd
(%) for C14H27NOSi: C 66.34, H 10.74; found: C 66.31, H 10.87.


2-(1,1-Dimethylallyl)-2-trimethylsiloxyhexanal (9): The nitrile 11 (2.28 g,
8.99 mmol) was dissolved in diethyl ether (40 mL) and cooled to �78 8C.
DIBAL-H (22.1 mL, 1m in hexanes, 22.1 mmol, 2.50 equiv) was then
added dropwise. The reaction mixture was warmed to 0 8C and stirred for
2 h. The reaction was quenched by the addition of ethyl acetate, diluted
with diethyl ether, and allowed to warm to 20 8C. Silica (40 g) was added
to the solution, which was then placed at �20 8C overnight. After com-
pletion of the reaction, the mixture was warmed to 20 8C and the silica
was filtered off. Solvents were evaporated at reduced pressure. Purifica-
tion of the crude product by flash chromatography (diethyl ether/petrole-
um ether 1:99) afforded the desired product 9 (1.96 g, 85%) as a colorless
oil. 1H NMR (CDCl3, 400 MHz): d=9.58 (s, 1H), 6.01 (dd, J=17.5,
10.9 Hz, 1H), 5.07–4.99 (m, 2H), 1.83–1.76 (m, 1H), 1.65–1.57 (m, 2H),
1.29–1.23 (m, 3H), 1.04 (s, 3H), 1.03 (s, 3H), 0.87 (t, J=7.2 Hz, 3H),
0.16 ppm (s, 9H); 13C NMR (CDCl3, 100.6 MHz): d=204.8, 144.0, 113.2,
87.7, 44.3, 31.9, 26.3, 23.2, 22.8, 22.4, 14.0, 2.9 ppm; IR (film): ñ=3086,
2960, 2874, 1735, 1638, 1468, 1416, 1380, 1364, 1254 cm�1; MS (CI, NH3):
m/z : 274 [M+NH4]


+ , 257 [M+H]+ , 91; elemental analysis calcd (%) for
C14H28O2Si: C 65.57, H 11.00; found: C 65.38, H 10.99.


(2S)-2-Methyl-2-(3-trityloxypropyl)cyclohexanone (14): 4-Dimethylami-
no-N-triphenylmethyl pyridinium chloride (11.3 g, 27.9 mmol, 1.20 equiv)
was added at 20 8C to a solution of diol 13 (4.0 g, 23 mmol) in dichloro-
methane (60 mL). The resulting mixture was refluxed overnight. After
cooling, diethyl ether (30 mL) was added, and the white salts were fil-
tered off. The solution was dried over magnesium sulfate, filtered, and
the solvent was evaporated at reduced pressure. A solution of IBX
(7.79 g, 27.9 mmol, 1.20 equiv) in DMSO (15 mL) was added slowly at
20 8C to a stirred solution of the crude product in THF (15 mL). The re-
sulting mixture was stirred at 20 8C overnight. When the reaction had
gone to completion, water was added and the organic phase was diluted
with diethyl ether. The biphasic system was stirred for 3 h. The white
salts were then filtered on a pad of Celite. The phases were separated
and the aqueous phase was extracted with diethyl ether. The combined
organic fractions were washed with water then brine, dried over magnesi-
um sulfate, filtered, and the solvent was removed at reduced pressure.
Purification of the crude product by flash chromatography (diethyl ether/
petroleum ether 50:50) afforded the desired product 14 (7.38 g, 77%
over two steps) as a white solid. M.p. 117–118 8C; [a]20


D =�32.0 (c=2.76
in CH2Cl2);


1H NMR (CDCl3, 400 MHz): d =7.45–7.42 (m, 6H), 7.32–
7.28 (m, 6H), 7.25–7.21 (m, 3H), 3.07–3.03 (m, 2H), 2.44–2.28 (m, 2H),
1.92–1.86 (m, 1H), 1.80–1.73 (m, 4H), 1.71–1.53 (m, 3H), 1.46–1.31 (m,
2H), 1.05 ppm (s, 3H); 13C NMR (CDCl3, 100.6 MHz): d=216.1, 144.3,
128.7, 127.7, 126.8, 86.4, 64.0, 48.4, 39.3, 38.8, 33.9, 27.5, 24.4, 22.6,
21.1 ppm; IR (CaF2, CCl4, 1 mgmL�1): ñ=3087, 3061, 3034, 2935, 2867,
2360, 1708, 1491, 1449, 1378, 1314 cm�1; MS (CI, NH3): m/z : 243 (Ph3C


+);
elemental analysis calcd (%) for C29H32O2: C 84.43, H 7.82; found: C
84.21, H 8.08.


N-[(S)-2-Methyl-2-(3-trityloxypropyl)cyclohex-1-ylidene]-N’-(2,4,6-triiso-
propylbenzenesulfono)hydrazone (12): Two drops of concentrated hydro-
chloric acid were added to a solution of ketone 14 (1.00 g, 2.42 mmol)
and triisopropylbenzenesulfonyl hydrazine (723 mg, 2.42 mmol,
1.00 equiv) in THF (5.0 mL). The resulting solution was stirred at 20 8C
for 1 h, and the reaction was quenched by the addition of saturated aque-
ous sodium hydrogen carbonate. The phases were separated and then the
aqueous phase was extracted with diethyl ether. The combined organic
fractions were washed with brine, dried over magnesium sulfate, filtered,
and the solvent was removed at reduced pressure. Purification of the


crude product by flash chromatography (diethyl ether/petroleum ether
20:80) yielded the desired pure hydrazone 12 as white crystals (1.62 g,
96%). M.p. 75–77 8C; [a]20


D =�59.6 (c=1.67 in CH2Cl2);
1H NMR


(CDCl3, 400 MHz): d =7.42–7.39 (m, 7H), 7.31–7.22 (m, 9H), 7.11 (s,
2H), 4.19 (septet, J=6.7 Hz, 2H), 2.88 (t, J=6.2 Hz, 2H), 2.81 (septet,
J=6.9 Hz, 1H), 2.38 (dt, J=14.5, 4.6 Hz, 1H), 1.93 (ddd, J=14.6, 11.2,
5.1 Hz, 1H), 1.78–1.69 (m, 1H), 1.68–1.49 (m, 4H), 1.48–1.36 (m, 2H),
1.24 (dd, J=10.4, 6.7 Hz, 12H), 1.17 (dd, J=6.9, 2.8 Hz, 6H), 0.90 ppm
(s, 3H); 13C NMR (CDCl3, 100.6 MHz): d=163.0, 152.9, 151.0, 146.8,
144.3, 131.3, 128.6, 127.6, 126.8, 123.3, 86.2, 63.9, 41.7, 39.2, 34.3, 34.0,
29.8, 25.8, 24.8, 24.2, 24.0, 23.5, 23.5, 22.8, 20.8, 14.0 ppm; IR (film): ñ=


3243, 2957, 2869, 1600, 1563, 1496, 1454, 1384, 1323, 1152, 1108, 911,
733 cm�1; MS (CI, NH3): m/z : 539 [M+H]+ , 449, 300, 276, 259, 151, 108,
91.


ACHTUNGTRENNUNG(1R,2R)-2-(1,1-Dimethylallyl)-1-[(6S)-6-methyl-6-(3-trityloxypropyl)cy-
clohex-1-enyl]hexane-1,2-diol (15a) and (1S,2S)-2-(1,1-dimethylallyl)-1-
[(6S)-6-methyl-6-(3-trityloxypropyl)cyclohex-1-enyl]hexane-1,2-diol
(15b): tert-Butyllithium (2.48 mL, 4.51 mmol, 2.20 equiv, titrated 1.82m)
was added dropwise to a solution of hydrazone 13 (1.42 g, 2.05 mmol,
1.00 equiv) in THF (10 mL) at �78 8C. The solution turned red and was
stirred at �78 8C for 30 min until the color turned dark red, then the tem-
perature was allowed to warm to 0 8C. When nitrogen evolution was fin-
ished and the color had turned to pale red, the solution was cooled again
to �78 8C. A cooled solution of aldehyde 5 (526 mg, 2.05 mmol) in THF
(5.0 mL) was added dropwise by cannula. The resulting mixture became
light yellow and was stirred at �78 8C for 30 min. The reaction was
quenched by addition of saturated aqueous sodium hydrogen carbonate.
The phases were separated and the aqueous phase was extracted with di-
ethyl ether. The combined organic fractions were washed with brine,
dried over magnesium sulfate, filtered, and the solvent was removed at
reduced pressure. Aqueous HCl (1n, 3.08 mL, 3.08 mmol, 1.50 equiv)
was added at 0 8C to a solution of the crude product in THF (20 mL).
The resulting mixture was allowed to warm to 20 8C over 1 h and stirred
overnight. The reaction was quenched by addition of saturated aqueous
sodium hydrogen carbonate. The phases were separated and the aqueous
phase was extracted with diethyl ether. The combined organic fractions
were washed with brine, dried over magnesium sulfate, filtered, and the
solvent was removed at reduced pressure. Purification of the crude prod-
uct by flash chromatography (diethyl ether/petroleum ether 10:90) al-
lowed separation of the two diastereomers to afford the desired diols dia-
steromer 15a (364 mg, 43%) as a pale-yellow oil and diasteromer 15b
(313 mg, 37%) as a white solid (80% global yield over two steps).


Product 15a : [a]20
D =++9.48 (c=1.12 in CH2Cl2);


1H NMR (CDCl3,
400 MHz): d=7.47–7.43 (m, 6H), 7.33–7.23 (m, 6H), 7.23–7.15 (m, 3H),
6.24–6.16 (m, 2H), 5.06–5.00 (m, 2H), 4.17 (d, J=4.4 Hz, 1H), 3.18 (s,
1H), 3.11–3.00 (m, 2H), 2.05–1.99 (m, 2H), 1.86 (d, J=4.4 Hz, 1H),
1.69–1.47 (m, 6H), 1.47–1.31 (m, 6H), 1.31–1.11 (m, 2H), 1.07, 1.06 (2s,
6H), 0.97 (s, 3H), 0.87 ppm (t, J=7.2 Hz, 3H); 13C NMR (CDCl3,
100.6 MHz): d =147.1, 146.9, 144.4, 129.0, 128.7, 128.2, 127.7, 126.8, 112.1,
86.4, 78.1, 69.5, 64.4, 47.0, 37.1, 36.4, 35.1, 33.3, 27.0, 25.9, 25.7, 24.5, 23.7,
22.9, 22.8, 18.8, 14.1 ppm; IR (CaF2, CCl4, 1 mgmL�1): ñ=3610, 3534,
2959, 2931, 2871, 2289, 2002, 1854, 1549, 1449, 1380, 1252, 1217,
1067 cm�1; MS (CI, NH3): m/z : 243 [Ph3C]+.


Product 15b : M.p. 102–105 8C; [a]20
D =++9.42 (c=1.00 in CH2Cl2);


1H NMR (CDCl3, 400 MHz): d=7.53–7.48 (m, 6H), 7.38–7.32 (m, 6H),
7.32–7.26 (m, 3H), 6.31 (t, J=4.0 Hz, 1H), 6.25 (dd, J=17.6, 10.8 Hz,
1H), 5.08 (d, J=17.6 Hz, 1H), 5.03 (d, J=10.8 Hz, 1H), 4.28 (d, J=


4.4 Hz, 1H), 3.19 (s, 1H), 3.14–3.09 (m, 2H), 2.12–2.05 (m, 2H), 1.89 (d,
J=4.4 Hz, 1H), 1.70–1.52 (m, 8H), 1.52–1.40 (m, 3H), 1.35–1.14 (m,
3H), 1.15–1.10 (m, 9H), 0.89 ppm (t, J=7.6 Hz, 3H); 13C NMR (CDCl3,
100.6 MHz): d=147.9, 147.1, 144.4, 128.6, 127.7, 127.0, 126.8, 112.1, 86.2,
78.1, 70.0, 64.0, 46.9, 36.7, 36.2, 35.0, 33.4, 27.0, 25.7, 25.1, 24.4, 23.6, 22.9,
22.8, 18.6, 14.1 ppm; IR (CaF2, CCl4, 1 mgmL�1): ñ=3610, 3537, 3061,
2959, 2930, 2871, 2291, 2004, 1856, 1550, 1449, 1379, 1252, 1217,
1067 cm�1; MS (CI, NH3): m/z : 243 [Ph3C]+.


ACHTUNGTRENNUNG(1R,2R)-2-(1,1-Dimethylallyl)-1-[(S)-6-(3-hydroxypropyl)-6-methylcyclo-
hex-1-enyl]hexane-1,2-diol (16a) and (1S,2S)-2-(1,1-dimethylallyl)-1-[(S)-
6-(3-hydroxypropyl)-6-methylcyclohex-1-enyl]hexane-1,2-diol (16b): Diol
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15a (251 mg, 0.43 mmol) was dissolved in MeOH (5 mL) at 20 8C. Am-
berlyst H-15 (40 mg) was then added, and the mixture was stirred over-
night at 20 8C. The resin was filtered off and the solvents were removed
in vacuo. Purification of the crude product by flash chromatography (di-
ethyl ether/petroleum ether 20:80 then 50:50 then 80:20) afforded the de-
sired alcohol 16a (128 mg, 88%) as a white solid. The same procedure re-
peated with 223 mg of diol 15b afforded the desired alcohol 16b
(104 mg, 80%) as a yellow oil.


Product 16a : M.p. 47–49 8C; [a]20
D =++1.03 (c=1.56 in CH2Cl2);


1H NMR
(CDCl3, 400 MHz): d=6.27 (t, J=4.0 Hz, 1H), 6.18 (dd, J=17.6, 10.9 Hz,
1H), 5.06 (m, 2H), 4.18 (s, 1H), 3.70–3.65 (m, 1H), 3.58–3.53 (m, 1H),
3.01 (br s, 1H), 2.50 (br s, 1H), 2.12 (br s, 1H), 2.02–1.98 (m, 2H), 1.66–
1.48 (m, 6H), 1.46–1.40 (m, 2H), 1.38–1.31 (m, 4H), 1.27–1.12 (m, 2H),
1.08 (s, 3H), 1.07 (s, 3H), 0.98 (s, 3H), 0.85 ppm (t, J=7.3 Hz, 3H);
13C NMR (CDCl3, 100.6 MHz): d=146.9, 145.9, 128.0, 112.2, 78.2, 69.3,
63.1, 47.0, 37.4, 35.9, 35.2, 33.3, 27.1, 27.0, 26.7, 25.8, 23.6, 23.1, 22.8, 18.9,
14.1 ppm; IR (CaF2, CCl4, 1 mgmL�1): ñ=3380, 2955, 2870, 1460, 1377,
785, 705, 603 cm�1; HRMS: m/z : calcd for C21H38O3: 338.2821; found:
338.2832.


Product 16b : [a]20
D =++0.35 (c=1.15 in CH2Cl2);


1H NMR (CDCl3,
400 MHz): d=6.24–6.17 (m, 2H), 5.08–5.03 (m, 2H), 4.20 (s, J=4.5 Hz,
1H), 3.60 (t, J=6.7 Hz, 2H), 3.11 (s, 1H), 2.03–1.99 (m, 2H), 1.85 (d, J=


4.7 Hz, 1H), 1.63–1.49 (m, 6H), 1.47–1.30 (m, 6H), 1.28–1.12 (m, 2H),
1.08–1.07 (m, 9H), 0.85 ppm (t, J=7.3 Hz, 3H); 13C NMR (CDCl3,
100.6 MHz): d=147.6, 147.1, 127.2, 112.1, 78.2, 70.2, 63.7, 46.9, 36.6, 35.3,
35.1, 33.5, 27.2, 27.0, 25.7, 25.2, 23.6, 22.9, 22.8, 18.6, 14.1 ppm; IR (film):
ñ=3412, 2954, 2867, 1461, 1377, 1055, 1011, 842, 737, 686, 625 cm�1;
HRMS: m/z : calcd for C21H38O3: 338.2821; found: 338.2834.


ACHTUNGTRENNUNG(4R,5R)-5-[(6S)-6-Allyl-6-methylcyclohex-1-enyl]-4-butyl-4-(1,1-dimethyl-
allyl) ACHTUNGTRENNUNG[1,3]dioxolan-2-one (18a) and (4S,5S)-5-[(6S)-6-allyl-6-methylcyclo-
hex-1-enyl]-4-butyl-4-(1,1-dimethylallyl) ACHTUNGTRENNUNG[1,3]dioxolan-2-one (18b): o-Ni-
trophenylselenocyanate (55 mg, 0.24 mmol, 2.4 equiv) was added in one
portion at 20 8C to a solution of alcohol 16a (34 mg, 0.10 mmol) in THF
(1.0 mL). Tributylphosphine (60 mL, 0.24 mmol, 2.4 equiv) was then
added dropwise. The resulting mixture was stirred at 20 8C for 20 min.
Completion of the reaction was checked by TLC. Water was then added,
and the solution was diluted with diethyl ether. The phases were separat-
ed and the aqueous phase was extracted with diethyl ether. The com-
bined organic fractions were washed with brine, dried over magnesium
sulfate, filtered, and the solvent was removed at reduced pressure. The
crude product was used for the next step without purification. Carbonyl
diimidazole (81 mg, 0.50 mmol, 5.0 equiv) was added at 20 8C to a solu-
tion of the crude product in toluene (5 mL). The resulting mixture was
refluxed for 3 d. After cooling, the reaction was quenched by addition of
saturated aqueous sodium hydrogen carbonate. The phases were separat-
ed and the aqueous phase was extracted with diethyl ether. The com-
bined organic fractions were washed with brine, dried over magnesium
sulfate, filtered, and the solvent was removed at reduced pressure. The
crude product was then dissolved in THF (1.0 mL). Aqueous hydrogen
peroxide (1.5 mL, 10%wt solution in water) was added dropwise at 0 8C.
The mixture was stirred overnight. After this time, water was added and
the solution was diluted with diethyl ether. The phases were separated
and the aqueous phase was extracted with diethyl ether. The combined
organic fractions were washed with brine, dried over magnesium sulfate,
filtered, and the solvent was removed at reduced pressure. Purification of
the crude product by flash chromatography (diethyl ether/petroleum
ether 10:90) afforded the desired diene 18a (32 mg, 57% over three
steps) as a pale-yellow oil. The same procedure repeated with 30 mg of
alcohol 16b afforded the desired diene 18b (16 mg, 52% over three
steps) as a pale-yellow oil.


Product 18a : [a]20
D =++23.5 (c=0.92 in CH2Cl2);


1H NMR (CDCl3,
400 MHz): d =5.95 (dd, J=17.6, 10.6 Hz, 1H), 5.85 (t, J=4.1 Hz, 1H),
5.75 (ddt, J=17.6, 10.6, 7.6 Hz, 1H), 5.22 (d, J=10.5 Hz, 1H), 5.21 (d,
J=17.4 Hz, 1H), 5.10 (d, J=7.6 Hz, 1H), 5.06 (d, J=17.6 Hz, 1H), 4.98
(s, 1H), 2.32–2.26 (m, 1H), 2.19–2.02 (m, 3H), 1.85–1.50 (m, 4H), 1.50–
1.19 (m, 6H), 1.15 (s, 3H), 1.14 (s, 3H), 0.98 (s, 3H), 0.87 ppm (t, J=


7.6 Hz, 3H); 13C NMR (CDCl3, 100.6 MHz): d=155.7, 141.9, 139.3, 133.9,
131.2, 118.1, 115.7, 90.7, 79.0, 46.6, 44.9, 36.9, 35.7, 31.0, 27.0, 26.2, 25.6,


23.2, 22.3, 20.8, 18.2, 13.8 ppm; IR (film): ñ=3575, 3076, 2960, 2368,
1984, 1790, 1638, 1538, 1456, 1417, 1380, 1326, 1198, 1042 cm�1; MS (CI,
NH3): m/z : 364 [M+NH4]


+ , 347 [M+H]+ , 303, 285; HRMS: m/z : calcd
for C22H34O3: 346.2508; found: 346.2524.


Product 18b : [a]20
D =�19.3 (c=1.01 in CH2Cl2);


1H NMR (CDCl3,
400 MHz): d =5.95 (dd, J=17.6, 11.2 Hz, 1H), 5.79 (t, J=4.1 Hz, 1H),
5.73 (ddt, J=17.2, 10.4, 7.1 Hz, 1H), 5.23 (d, J=11.2 Hz, 1H), 5.21 (d,
J=17.6 Hz, 1H), 5.06 (dd, J=17.0, 10.6 Hz, 2H), 5.02 (s, 1H), 2.14–2.00
(m, 4H), 1.89–1.80 (m, 1H), 1.74–1.55 (m, 4H), 1.50–1.18 (m, 5H), 1.16
(s, 3H), 1.14 (s, 3H), 1.07 (s, 3H), 0.88 ppm (t, J=7.6 Hz, 3H); 13C NMR
(CDCl3, 100.6 MHz): d=155.5, 141.9, 140.6, 133.8, 130.5, 118.1, 115.8,
90.6, 79.7, 46.5, 43.6, 36.9, 35.0, 31.1, 27.0, 25.7, 25.0, 23.2, 22.4, 20.8, 18.0,
13.8 ppm; IR (film): ñ =3568, 3077, 2956, 2254, 1790, 1638, 1539, 1456,
1417, 1379, 1326, 1200, 1117, 1044 cm�1; MS (CI, NH3): m/z : 364
[M+NH4]


+ , 347 [M+H]+ , 285; elemental analysis calcd (%) for
C22H34O3: C 76.26, H 9.89; found: C 76.01, H 9.98.


ACHTUNGTRENNUNG(4R,5R)-5-[(S)-6-Allyl-6-methylcyclohex-1-enyl]-4-butyl-4-(1,1-dimethyl-
allyl)-2,2-dimethyl ACHTUNGTRENNUNG[1,3]dioxolane (19a) and (4S,5S)-5-[(S)-6-allyl-6-meth-
ylcyclohex-1-enyl]-4-butyl-4-(1,1-dimethylallyl)-2,2-dimethyl-
ACHTUNGTRENNUNG[1,3]dioxolane (19b): 2,2-Dimethoxypropane (5 mL) followed by a cata-
lytic amount of CSA was added to triol 16a (38 mg, 0.111 mmol) at 20 8C,
and the resulting mixture was stirred overnight. After this time, the reac-
tion was quenched by the addition of saturated aqueous sodium hydro-
gen carbonate, the phases were separated, and the aqueous phase was ex-
tracted with diethyl ether. The combined organic fractions were washed
with brine, dried over magnesium sulfate, filtered, and the solvent was re-
moved at reduced pressure. The crude product was used for the next step
without purification. o-Nitrophenylselenocyanate (58 mg, 0.254 mmol,
2.4 equiv) was added in one portion at 20 8C to a solution of the crude
product (40 mg, 0.106 mmol) in THF (1.0 mL). Tributylphosphine (64 mL,
0.254 mmol, 2.4 equiv) was then added dropwise. The resulting mixture
was stirred at 20 8C for 20 min. Completion of the reaction was checked
by TLC. Water was then added, and the solution was diluted with diethyl
ether. The phases were separated and the aqueous phase was extracted
with diethyl ether. The combined organic fractions were washed with
brine, dried over magnesium sulfate, filtered, and the solvent was re-
moved at reduced pressure. The crude product thus obtained was then
dissolved in THF (1.0 mL) and aqueous hydrogen peroxide (0.5 mL,
35%wt solution in water) was added dropwise at 0 8C. The mixture was
stirred overnight. After this time, water was added and the solution was
diluted with diethyl ether. The phases were separated and the aqueous
phase was extracted with diethyl ether. The combined organic fractions
were washed with brine, dried over magnesium sulfate, filtered, and the
solvent was removed at reduced pressure. Purification of the crude prod-
uct by flash chromatography (diethyl ether/petroleum ether 10:90) af-
forded the desired diene 19a (25 mg, 63% over three steps) as a colorless
oil. The same procedure was repeated with 30 mg of alcohol 16b to
afford the desired diene 19b (23 mg, 71% over three steps) as a colorless
oil.


Product 19a : [a]20
D =�21.4 (c=1.5 in CH2Cl2);


1H NMR (CDCl3,
400 MHz): d=6.20 (dd, J=17.6, 10.9 Hz, 1H), 6.03–5.98 (m, 1H), 5.89–
5.77 (m, 1H), 5.01–4.91 (m, 4H), 4.44 (s, 1H), 2.27 (d, J=7.0 Hz, 2H),
2.14–1.99 (m, 2H), 1.82–1.79 (m, 2H), 1.62–1.58 (m, 4H), 1.46 (s, 3H),
1.36 (s, 3H), 1.33–1.16 (m, 4H), 1.12–1.05 (m, 9H), 0.90 ppm (t, J=


7.3 Hz, 3H); 13C NMR (CDCl3, 100.6 MHz): d=146.9, 139.2, 136.2, 129.1,
116.5, 110.6, 104.3, 88.3, 77.1, 44.8, 43.3, 37.9, 35.9, 33.5, 28.0, 27.9, 26.3,
26.2, 26.1, 25.4, 24.0, 23.4, 17.9, 14.3 ppm; IR (film): ñ=3076, 2959, 2933,
2872, 1636, 1461, 1372, 1247, 1212, 1016, 910, 862, 793, 764, 626, 486 cm�1;
HRMS: m/z : calcd for C24H40O2: 360.3028; found: 360.3028.


Product 19b : [a]20
D =�1.23 (c=1.3 in CH2Cl2);


1H NMR (CDCl3,
400 MHz): d =6.19 (dd, J=17.7, 10.9 Hz, 1H), 5.92 (t, J=3.8 Hz, 1H),
5.82–5.72 (m, 1H), 5.05–4.92 (m, 4H), 4.44 (s, 1H), 2.32 (dd, J=13.9,
7.2 Hz, 1H), 2.19 (dd, J=13.9, 7.2 Hz, 1H), 2.10–2.05 (m, 2H), 1.82–1.76
(m, 2H), 1.65–1.53 (m, 4H), 1.46 (s, 3H), 1.37 (s, 3H), 1.32–1.22 (m, 4H),
1.09–1.08 (m, 9H), 0.89 ppm (t, J=7.3 Hz, 3H); 13C NMR (CDCl3,
100.6 MHz): d=146.9, 139.2, 135.5, 128.4, 116.9, 110.7, 104.3, 88.3, 77.7,
44.0, 43.4, 37.8, 35.6, 33.5, 27.9, 27.8, 26.5, 26.3, 26.0, 25.5, 23.9, 23.5, 17.8,
14.3 ppm; IR (film): ñ =2959, 2931, 2869, 1636, 1459, 1373, 1253, 1017,
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857, 802, 713, 695, 648, 632, 524, 462 cm�1; HRMS: m/z : calcd for
C24H40O2: 360.3028; found: 360.3032.


ACHTUNGTRENNUNG(1R,2R)-1-[(S)-6-Allyl-6-methylcyclohex-1-enyl]-2-(1,1-dimethylallyl)-2-
hydroxyhexylbenzoate (20a) and (1S,2S)-1-[(S)-6-allyl-6-methylcyclohex-
1-enyl]-2-(1,1-dimethylallyl)-2-hydroxyhexylbenzoate (20b): A solution
of phenyllithium in ether (0.3m, 1.5 mL, 2.1 equiv) was added dropwise
to a solution of crude diene 18a, synthesized from 16a (49 mg), in THF
(5 mL) at �78 8C. After 10 min, the solution was poured into a saturated
aqueous solution of sodium hydrogen carbonate, the phases were sepa-
rated, and then the aqueous phase was extracted with diethyl ether. The
combined organic fractions were washed with brine, dried over magnesi-
um sulfate, filtered, and the solvent was removed at reduced pressure.
Purification of the crude product by flash chromatography (diethyl ether/
petroleum ether 5:95) afforded diene 20a (30 mg, 46% over four steps
from diol 16a) as a colorless oil. The same procedure was repeated with
41 mg of triol 16b to afford diene 20b (19.5 mg, 36% over four steps
from 16b) as a colorless oil.


Product 20a : [a]20
D =++1.6 (c=1.30 in CH2Cl2);


1H NMR (CDCl3,
400 MHz): d=7.97–7.95 (m, 2H), 7.57–7.53 (m, 1H), 7.45–7.42 (m, 2H),
6.43 (t, J=4.0 Hz, 1H), 5.96 (dd, J=17.6, 10.9 Hz, 1H), 5.77 (s, 1H),
5.71–5.61 (m, 1H), 4.98–4.92 (m, 3H), 4.77 (dd, J=10.9, 1.2 Hz, 1H),
2.59 (s, 1H), 2.40 (dd, J=14.0, 7.5 Hz, 1H), 2.12–2.07 (m, 3H), 1.68–1.58
(m, 3H), 1.55–1.39 (m, 2H), 1.33–1.18 (m, 5H), 1.11 (s, 3H), 1.09 (s, 3H),
1.06 (s, 3H), 0.90 (t, J=7.3 Hz, 3H); 13C NMR (CDCl3, 100.6 MHz): d=


164.7, 145.1, 142.9, 135.1, 132.8, 131.0, 130.5, 129.6, 128.4, 117.1, 112.3,
79.3, 72.5, 46.6, 44.0, 36.9, 34.9, 33.3, 29.7, 26.9, 25.7, 25.5, 23.6, 23.2, 22.9,
18.0, 14.2 ppm; IR (film): ñ=3965, 3807, 3711, 2928, 2280, 1793, 1710,
1576, 1484, 1427, 1316, 1262, 1078, 976, 944, 919, 857, 835, 817, 765, 685,
602, 571, 509 cm�1; HRMS: m/z : calcd for C28H40O3: 424.2978; found:
424.2985.


Product 20b : [a]20
D =++5.5 (c=1.30 in CH2Cl2);


1H NMR (CDCl3,
400 MHz): d=7.98–7.96 (m, 2H), 7.57–7.54 (m, 1H), 7.46–7.42 (m, 2H),
6.41 (t, J=3.9 Hz, 1H), 5.99 (dd, J=17.6, 10.9 Hz, 1H), 5.87–5.78 (m,
1H), 5.76 (s, 1H), 5.06–4.93 (m, 3H), 4.79 (dd, J=10.9, 1.2 Hz, 1H), 2.61
(s, 1H), 2.34 (dd, J=13.1, 7.0 Hz, 1H), 2.17–2.07 (m, 3H), 1.67–1.63 (m,
2H), 1.58–1.36 (m, 6H), 1.33–1.18 (m, 2H), 1.13 (s, 3H), 1.08 (s, 3H),
1.05 (s, 3H), 0.90 ppm (t, J=7.3 Hz, 3H); 13C NMR (CDCl3, 100.6 MHz):
d=165.0, 145.3, 142.8, 134.9, 132.8, 131.0, 130.7, 129.6, 128.4, 117.5, 112.3,
79.4, 73.9, 46.5, 44.5, 36.8, 35.8, 33.7, 26.8, 25.8, 25.7, 23.6, 23.4, 23.0, 18.0,
14.1 ppm; IR (film): ñ =3681, 2931, 2275, 1714, 1636, 1454, 1316, 1265,
1108, 964, 937, 902, 864, 844, 725, 694, 524 cm�1; HRMS: m/z : calcd for
C28H40O3: 424.2978; found: 424.2964.


ACHTUNGTRENNUNG(1S,2R)-1-[(S)-2-Allyl-2-methyl-7-oxabicyclo ACHTUNGTRENNUNG[4.1.0]hept-1-yl]-2-(1,1-dime-
thylallyl)hexane-1,2-diol (21a): o-Nitrophenylselenocyanate (145 mg,
0.66 mmol, 2.40 equiv) was added in one portion at 20 8C to a solution of
alcohol 16a (90 mg, 0.28 mmol) in THF (5.0 mL). Tributylphosphine
(159 mL, 0.66 mmol, 2.39 equiv) was then added dropwise. The resulting
mixture was stirred at 20 8C for 20 min. Completion of the reaction was
checked by TLC. Water was added and the solution was diluted with di-
ethyl ether. The phases were separated and the aqueous phase was ex-
tracted with diethyl ether. The combined organic fractions were washed
with brine, dried over magnesium sulfate, filtered, and the solvent was re-
moved at reduced pressure. The crude product thus obtained was dis-
solved in THF (1.0 mL) and aqueous hydrogen peroxide (0.5 mL,
35%wt solution in water) was added dropwise at 0 8C. The mixture was
then stirred overnight. After this time, water was added and the solution
was diluted with diethyl ether. The phases were separated and the aque-
ous phase was extracted with diethyl ether. The combined organic frac-
tions were washed with brine, dried over magnesium sulfate, filtered, and
the solvent was removed at reduced pressure. Purification of the crude
product by flash chromatography (diethyl ether/petroleum ether 10:90)
afforded the epoxide diene 21a (20 mg, 20%) as pale-yellow oil. [a]20


D =


�17.2 (c=1.40 in CH2Cl2);
1H NMR (CDCl3, 400 MHz): d =6.12 (dd, J=


17.4, 11.0 Hz, 1H), 5.88–5.78 (m, 1H), 5.09–5.01 (m, 4H), 4.05 (d, J=


5.3 Hz, 1H), 3.93 (t, J=2.4 Hz, 1H), 3.30 (d, J=5.3 Hz, 1H), 2.86 (s,
1H), 2.30 (dd, J=13.6, 7.5 Hz, 1H), 2.12 (dd, J=13.6, 7.5 Hz, 1H), 1.87–
1.83 (m, 2H), 1.60–1.48 (m, 2H), 1.47–1.37 (m, 4H), 1.36–1.17 (m, 4H),
1.09–1.05 (m, 6H), 1.03 (s, 3H), 0.92 ppm (t, J=7.3 Hz, 3H); 13C NMR


(CDCl3, 100.6 MHz): d=146.2, 134.2, 117.9, 112.6, 76.6, 67.7, 66.7, 60.7,
47.1, 43.2, 36.6, 32.7, 32.0, 27.6, 23.9, 23.9, 23.2, 22.3, 21.9, 16.1, 14.1 ppm;
IR (film): ñ =3494, 2958, 2874, 1636, 1460, 1381, 1077, 1000, 907, 878,
826, 804, 771, 708, 632, 591 cm�1; HRMS: m/z : calcd for C21H36O3:
336.2665; found: 336.2665.


ACHTUNGTRENNUNG(1R,2R)-1-[(S)-6-Allyl-6-methylcyclohex-1-enyl]-2-(1,1-dimethylallyl)hex-
ane-1,2-diol (22a) and (1S,2S)-1-[(S)-6-allyl-6-methylcyclohex-1-enyl]-2-
(1,1-dimethylallyl)hexane-1,2-diol (22b): o-Nitrophenylselenocyanate
(282 mg, 1.24 mmol, 2.40 equiv) was added in one portion at 20 8C to a
solution of alcohol 16a (175 mg, 0.52 mmol) in THF (1.0 mL). Tributyl-
phosphine (49 mL, 0.2 mmol, 2.4 equiv) was then added dropwise. The re-
sulting mixture was stirred at 20 8C for 20 min. Completion of the reac-
tion was checked by TLC. Water was then added and the solution was di-
luted with diethyl ether. The phases were separated and the aqueous
phase was extracted with diethyl ether. The combined organic fractions
were washed with brine, dried over magnesium sulfate, filtered, and the
solvent was removed at reduced pressure. The crude product thus ob-
tained was dissolved in THF (1.0 mL) and aqueous ammonium molyb-
date in solution (6m) of hydrogen peroxide (1.5 mL, 10%wt solution in
water) was added dropwise at �10 8C. The mixture was then stirred for
5 min. Water was added and the solution was diluted with diethyl ether.
The phases were separated and the aqueous phase was extracted with di-
ethyl ether. The combined organic fractions were washed with brine,
dried over magnesium sulfate, filtered, and the solvent was removed at
reduced pressure. Purification of the crude product by flash chromatogra-
phy (diethyl ether/petroleum ether 20:80) afforded the desired diene 22a
(152 mg, 92%) as a pale-yellow oil. The same procedure was repeated
with 115 mg of alcohol 16b to afford the desired diene 22b (99 mg, 91%)
as a pale-yellow oil.


Product 22a : [a]20
D =++3.3 (c=1.0 in CH2Cl2);


1H NMR (CDCl3,
400 MHz): d=6.26–6.17 (m, 2H), 5.91–5.80 (m, 1H), 5.08–5.04 (m, 4H),
4.20 (d, J=3.4 Hz, 1H), 3.16 (s, 1H), 2.23 (dq, J=14.0, 7.4 Hz, 2H),
2.04–2.00 (m, 2H), 1.90 (d, J=3.8 Hz, 1H), 1.66–1.48 (m, 4H), 1.43–1.32
(m, 4H), 1.28–1.22 (m, 2H), 1.09 (s, 3H), 1.08 (s, 3H), 0.99 (s, 3H),
0.86 ppm (t, J=7.3 Hz, 3H); 13C NMR (CDCl3, 100.6 MHz): d=147.1,
146.2, 135.4, 128.1, 117.3, 112.1, 78.1, 69.5, 47.0, 45.1, 37.4, 35.6, 33.3, 27.0,
26.1, 25.7, 23.7, 22.9, 22.8, 18.6, 14.1 ppm; IR (film): ñ=2929, 2278, 1587,
1511, 1450, 1328, 1304, 1096, 1030, 924, 890, 850, 810, 772, 648, 587,
532 cm�1; HRMS: m/z : calcd for C21H36O2: 320.2715; found: 320.2716.


Product 22b : [a]20
D =++4.6 (c=1.20 in CH2Cl2);


1H NMR (CDCl3,
400 MHz): d=6.28–6.19 (m, 2H), 5.85–5.74 (m, 1H), 5.10–5.01 (m, 4H),
4.22 (d, J=4.3 Hz, 1H), 3.09 (s, 1H), 2.09 (d, J=7.4 Hz, 2H), 2.02 (dt,
J=6.2, 4.2 Hz, 2H), 1.83 (d, J=4.5 Hz, 1H), 1.66–1.60 (m, 1H), 1.57–1.49
(m, 3H), 1.45–1.33 (m, 4H), 1.33–1.12 (m, 2H), 1.10 (s, 3H), 1.09 (s, 3H),
1.07 (s, 3H), 0.86 ppm (t, J=7.3 Hz, 3H); 13C NMR (CDCl3, 100.6 MHz):
d=147.1, 134.7, 127.5, 117.6, 112.2, 78.2, 70.1, 47.0, 44.0, 37.0, 35.2, 33.5,
27.0, 25.7, 25.2, 23.6, 22.9, 22.8, 18.4, 14.1 ppm; IR (film): ñ =2956, 2867,
1716, 1638, 1587, 1508, 1328, 1300, 1095, 1026, 910, 859, 828, 782, 694,
642, 603, 517, 478 cm�1; HRMS: m/z : calcd for C21H36O2: 320.2715;
found: 320.2728.


(Z)-(2R,6S,11S)-6-Butyl-7,7,11-trimethyl-3,5-dioxatricyclo ACHTUNGTRENNUNG[9.4.0.02]penta-
deca-1(15),8-dien-4-one (23b): Diene 18b (10 mg, 30 mmol) was dissolved
in 1,2-dichloroethane (2.0 mL). The mixture was thoroughly degassed
three times while stirring. Second-generation Grubbs catalyst (2.6 mg,
3.0 mmol, 10 mol%) was added and the mixture was refluxed for 1 h.
After cooling, the solvent was evaporated at reduced pressure. Purifica-
tion of the crude product by flash chromatography (diethyl ether/petrole-
um ether 10:90) afforded the desired product 23b (6.4 mg, 69%) as a
pale-yellow oil. The same procedure repeated with [RuIMes] catalyst
(1.3 mg, 1.5 mmol, 5 mol%) afforded compound 23b (6.6 mg, 72%).
[a]20


D =++112.5 (c=1.17 in CH2Cl2);
1H NMR (CDCl3, 400 MHz): d=6.06


(t, J=4.4 Hz, 1H), 5.66 (ddd, J=11.8, 10.6, 8.1 Hz, 1H), 5.39 (s, 1H),
5.36 (d, J=11.8 Hz, 1H), 2.58 (dd, J=14.2, 10.6 Hz, 1H), 2.26 (dt, J=


18.7, 5.8 Hz, 1H), 2.12–1.70 (m, 8H), 1.46 (s, 3H), 1.33 (s, 3H), 1.32–1.25
(m, 4H), 1.18 (s, 3H), 0.93 ppm (t, J=7.2 Hz, 3H); 13C NMR (CDCl3,
100.6 MHz): d=138.3, 134.9, 129.7, 128.5, 93.5, 80.1, 40.4, 39.0, 38.8, 34.1,
31.1, 28.8, 28.5, 27.7, 24.5, 23.3, 21.8, 18.0, 13.9 ppm; IR (film): ñ =3588,
2961, 2870, 2345, 1803, 1654, 1560, 1458, 1380, 1248 cm�1; MS (CI, NH3):
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m/z : 336 [M+NH4]
+ , 319 [M+H]+ , 258, 257; HRMS: m/z : calcd for


C20H30O3: 318.2195; found: 318.2206.


Mixture of 24 and 25 : Diene 19a (24 mg, 0.067 mmol) was dissolved in
dichloromethane (7.0 mL). The mixture was thoroughly degassed three
times while stirring. Second-generation Grubbs catalyst (2.8 mg,
3.3 mmol, 5 mol%) was added and the mixture was refluxed for 15 min.
After cooling, the solvent was evaporated at reduced pressure. Purifica-
tion of the crude product by flash chromatography (diethyl ether/petrole-
um ether 10:90) afforded the mixture of 24 (15 mg, E/Z 3:1) and 25
(5 mg, E/Z 3:1) (87% global yield) with a ratio of 3:1 as a pale-yellow
oil.


Fractions 24 : 1H NMR (CDCl3, 400 MHz): d=6.37–6.12 (m, 2H), 6.04–
6.01 (m, 2H), 5.55–5.46 (m, 3H), 5.02–4.91 (m, 3H), 4.49 (s, 0.75H), 4.21
(s, 0.25H), 2.54–2.42 (m, 2H), 2.26–2.20 ppm (m, 2H).


Fractions 25 : 1H NMR (CDCl3, 400 MHz): d=6.24–6.16 (m, 2H), 6.01–
5.96 (m, 2H), 5.50–5.48 (m, 0.5H), 5.40–5.38 (m, 1.5H), 4.98–4.90 (m,
4H), 4.43 (s, 2H), 2.34–2.26 (m, 2H), 2.21–2.13 ppm (m, 2H).


(Z)-(2S,6S,11S)-6-Butyl-4,4,7,7,11-pentamethyl-3,5-dioxatricycloACHTUNGTRENNUNG[9.4.0.02]-
pentadeca-1(15),8-diene (26b): Diene 19b (20 mg, 56 mmol) was dis-
solved in 1,2-dichloroethane (5.0 mL). The mixture was thoroughly de-
gassed three times while stirring. Second-generation Grubbs catalyst
(2.4 mg, 2.8 mmol, 5 mol%) was added and the mixture was refluxed for
5 min. After cooling, the solvent was evaporated at reduced pressure. Pu-
rification of the crude product by flash chromatography (diethyl ether/pe-
troleum ether 10:90) afforded the desired bicycle 26b (19 mg, quantita-
tive yield) as a pale-yellow oil. [a]20


D =++124.0 (c=1.3 in CH2Cl2);
1H NMR (CDCl3, 400 MHz): d=6.04 (m, 1H), 5.55–5.47 (m, 1H), 5.34
(d, J=12.0 Hz, 1H), 4.69 (s, 1H), 2.65 (dd, J=13.7, 10.7 Hz, 1H), 2.15
(dt, J=18.3, 5.0 Hz, 1H), 1.98–1.90 (m, 1H), 1.87–1.62 (m, 5H), 1.59–
1.51 (m, 2H), 1.47 (s, 3H), 1.38 (s, 3H), 1.35 (s, 3H), 1.30–1.22 (m, 4H),
1.17 (s, 3H), 1.12 (s, 3H), 0.86 ppm (t, J=7.2 Hz, 3H); 13C NMR (CDCl3,
100.6 MHz): d=141.2, 137.6, 127.7, 125.8, 104.5, 89.1, 75.5, 40.5, 38.9,
38.8, 34.4, 34.4, 29.7, 29.6, 28.8, 28.3, 26.5, 24.9, 24.0, 22.5, 18.4, 14.2 ppm;
IR (film): ñ =2929, 2866, 2360, 1701, 1666, 1594, 1458, 1372, 1247, 1041,
897, 833, 738, 539 cm�1; HRMS: m/z : calcd for C22H36O2: 332.2715;
found: 332.2714.


(Z)-(5R,6R,10aS)-6-Butyl-6-hydroxy-7,7,10a-trimethyl-1,2,3,5,6,7,10,10a-
octahydrobenzocycloocten-5-ylbenzoate (27a): Diene 20a (15 mg,
35 mmol) was dissolved in dichloromethane (2.0 mL). The mixture was
thoroughly degassed three times while stirring. Second-generation
Grubbs catalyst (1.5 mg, 1.8 mmol, 5 mol%) was added and the mixture
was refluxed for 18 h. After cooling, the solvent was evaporated at re-
duced pressure. Purification of the crude product by flash chromatogra-
phy (diethyl ether/petroleum ether 5:95) afforded the desired bicycle 27a
(13 mg, 84%) as a pale-yellow oil. The same procedure repeated with
first-generation Grubbs catalyst (1.5 mg, 1.8 mmol, 5 mol%) in 1,2-di-
chloroethane (2.0 mL) refluxed for 36 h afforded compound 27a (9.0 mg,
71%). [a]20


D =++0.5 (c=1.10 in CH2Cl2);
1H NMR (CDCl3, 400 MHz): d=


8.10–8.08 (m, 2H), 7.62–7.58 (m, 1H), 7.51–7.47 (m, 2H), 5.95–5.91 (m,
1H), 5.83 (s, 1H), 5.80–5.72 (m, 1H), 5.42 (d, J=11.7 Hz, 1H), 3.26 (t,
J=11.9 Hz, 1H), 2.20–2.12 (m, 1H), 2.05–1.94 (m, 1H), 1.86–1.78 (m,
2H), 1.72–1.67 (m, 2H), 1.61 (s, 3H), 1.54 (s, 3H), 1.29–1.20 (m, 7H),
0.99 (s, 3H), 0.84 ppm (t, J=7.1 Hz, 3H); 13C NMR (CDCl3, 100.6 MHz):
d=166.0, 139.8, 138.0, 133.0, 132.8, 131.5, 130.4, 129.8, 128.6, 83.5, 80.2,
43.3, 41.3, 37.6, 36.7, 31.9, 30.9, 29.4, 25.5, 23.8, 23.4, 18.3, 14.1 ppm; IR
(film): ñ =3544, 3435, 2926, 2866, 2360, 1722, 1453, 1264, 1099, 913, 861,
842, 778, 655, 563, 532 cm�1; HRMS: m/z : calcd for C26H36O3: 396.2665;
found: 396.2656.


(Z)-(5S,6S,10aS)-6-Butyl-6-hydroxy-7,7,10a-trimethyl-1,2,3,5,6,7,10,10a-
octahydrobenzocycloocten-5-ylbenzoate (27b): Diene 20b (9.0 mg,
21 mmol) was dissolved in dichloromethane (2.0 mL). The mixture was
thoroughly degassed three times while stirring. Second-generation
Grubbs catalyst (0.9 mg, 1.1 mmol, 5 mol%) was added and the mixture
was stirred for 15 min at 20 8C. The solvent was evaporated at reduced
pressure. Purification of the crude product by flash chromatography (di-
ethyl ether/petroleum ether 5:95) afforded the desired bicycle 27b
(9.0 mg, quantitative yield) as a pale-yellow oil. The same procedure re-
peated with first-generation Grubbs catalyst (0.9 mg, 1.1 mmol, 5 mol%)


in dichloromethane (2.0 mL) refluxed for 12 h afforded the compound
27b (7.2 mg, 78%). [a]20


D =++42.3 (c=1.30 in CH2Cl2);
1H NMR (CDCl3,


400 MHz): d=8.04–8.02 (m, 2H), 7.58–7.54 (m, 1H), 7.47–7.43 (m, 2H),
6.13 (s, 1H), 6.11–6.05 (m, 1H), 5.74–5.60 (m, 1H), 5.48–5.36 (m, 1H),
2.80–2.60 (br s, 1H), 2.12–2.02 (m, 3H), 1.94 (t, J=12.5 Hz, 1H), 1.76–
1.66 (m, 2H), 1.62–1.58 (m, 2H), 1.54 (s, 3H), 1.36–1.31 (m, 2H), 1.36–
1.26 (m, 4H), 1.23 (s, 3H), 1.18 (s, 3H), 0.95 ppm (t, J=7.3 Hz, 3H);
13C NMR (CDCl3, 100.6 MHz): d=166.1, 142.4, 139.7, 132.8, 130.6, 129.7,
129.1, 128.4, 81.3, 77.2, 38.4, 31.9, 30.3, 28.1, 28.1, 27.6, 25.9, 25.8, 23.9,
22.7, 18.5, 14.2 ppm; IR (film): ñ=3920, 3704, 3548, 2926, 2867, 2360,
1723, 1656, 1599, 1454, 1273, 1110, 1025, 873, 857, 840, 697, 518 cm�1;
HRMS: m/z : calcd for C26H36O3: 396.2665; found: 396.2678.


(Z)-(5S,6S,10aS)-6-Butyl-7,7,10a-trimethyl-1,2,3,5,6,7,10,10a-octahydro-
benzocyclooctene-5,6-diol (28b): Diene 22b (6 mg, 19 mmol) was dis-
solved in dichloromethane (2.0 mL). The mixture was thoroughly de-
gassed three times while stirring. Second-generation Grubbs catalyst
(0.8 mg, 1.0 mmol, 5 mol%) was added and the mixture was refluxed for
1 h. The solvent was evaporated at reduced pressure. Purification of the
crude product by flash chromatography (diethyl ether/petroleum ether
20:80) afforded the desired bicycle 28b (6 mg, quantitative yield) as pale-
yellow needles. Bicycle 27b (9.0 mg, 21 mmol) in THF (1.0 mL) was
added dropwise to a suspension of LiAlH4 (2.0 mg, 53 mmol, 2.3 equiv) in
THF (5 mL) at 0 8C, and the resulting mixture was stirred for 15 min at
0 8C. Ethyl acetate was then added, and the reaction was quenched by ad-
dition of aqueous sodium and potassium tartrate solution (10%, 10 mL),
and the mixture was stirred for 3 h. The phases were separated and the
aqueous phase was extracted with diethyl ether. The combined organic
fractions were washed with brine, dried over magnesium sulfate, filtered,
and the solvent was removed at reduced pressure. Purification of the
crude product by flash chromatography (diethyl ether/petroleum ether
20:80) afforded the same bicycle 28b (5.5 mg, 83%) as pale-yellow nee-
dles. M.p. 105–107 8C; [a]20


D =++28.5 (c=1.0 in CH2Cl2);
1H NMR (CDCl3,


400 MHz): d=5.96 (dd, J=4.8, 2.8 Hz, 1H), 5.62–5.55 (m, 1H), 5.35 (d,
J=11.7 Hz, 1H), 4.51 (s, 1H), 2.66–2.38 (br s, 1H), 2.36–1.92 (m, 4H),
1.84–1.48 (m, 4H), 1.34 (s, 3H), 1.29–1.24 (m, 6H), 1.18 (s, 3H), 1.15 (s,
3H), 0.91 ppm (t, J=7.3 Hz, 3H); 13C NMR (CDCl3, 100.6 MHz): d=


145.8, 140.1, 128.8, 126.5, 81.4, 73.0, 42.3, 38.4, 31.4, 30.3, 29.7, 28.2, 27.7,
25.6, 23.9, 22.7, 22.3, 18.6, 14.2 ppm; IR (film): ñ=3791, 3477, 2927, 2866,
1718, 1588, 1514, 1452, 1330, 1265, 914, 885, 810, 788, 718, 685, 572 cm�1;
HRMS: m/z : calcd for C19H32O2: 292.2402; found: 292.2405.


(S)-6-[(Z)-4,4-Dimethyl-5-oxonon-2-enyl]-6-methylcyclohex-1-enecarbal-
dehyde (29): Benzeneseleninic acid (12 mg, 66 mmol, 2.0 equiv) was
added to a solution of bicycle 28b (9.6 mg, 33 mmol) in dichloromethane
(5 mL) followed by second-generation Grubbs catalyst (2.8 mg, 3.3 mmol,
10 mol%) at 20 8C, and the mixture was refluxed for 6 h. The solvent was
evaporated at reduced pressure. Purification of the crude product by
flash chromatography (diethyl ether/petroleum ether 10:90) afforded ke-
toaldehyde 29 (6.4 mg, 67%) as a colorless oil. [a]20


D =�7.5 (c=0.4 in
CH2Cl2);


1H NMR (CDCl3, 400 MHz): d=9.32 (s, 1H), 6.81 (t, J=3.9 Hz,
1H), 5.45 (dt, J=11.5, 2.1 Hz, 1H), 5.19–5.13 (m, 1H), 2.52 (ddd, J=


15.7, 5.2, 2.4 Hz, 1H), 2.46 (t, J=7.5 Hz, 2H), 2.37–2.27 (m, 2H), 2.09
(ddd, J=15.7, 8.8, 1.3 Hz, 1H), 1.67–1.58 (m, 4H), 1.34–1.25 (m, 4H),
1.23 (s, 3H), 1.22 (s, 3H), 1.17 (s, 3H), 0.90 ppm (t, J=7.4 Hz, 3H);
13C NMR (CDCl3, 100.6 MHz): d=214.3, 194.6, 155.1, 146.8, 135.8, 129.4,
128.0, 49.1, 37.6, 36.7, 35.8, 27.2, 26.5, 26.3, 25.9, 25.6, 22.5, 18.0,
14.1 ppm; IR (film): ñ =3532, 2930, 2869, 2360, 1688, 1516, 1368, 1333,
998, 954, 908, 829, 802, 788, 755, 664, 624, 542, 493 cm�1; HRMS: m/z :
calcd for C19H30O2: 290.2246; found: 290.2244.
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Analysis of Linear Free-Energy Relationships Combined with Activation
Parameters Assigns a Concerted Mechanism to Alkaline Hydrolysis of
X-Substituted Phenyl Diphenylphosphinates


Ik-Hwan Um,* Jeong-Yoon Han, and So-Jeong Hwang[a]


Introduction


Certain organophosphorus compounds (e.g., soman, sarin,
paraoxon, parathion, etc.) are known to possess mammalian
toxicity as well as insecticidal properties, and to act as ace-
tylcholinesterase inhibitors.[1–4] Thus, deactivation of these
toxic compounds under mild conditions has become an im-
portant task in environmental chemistry. Numerous studies
have been performed to enhance the rate of decomposition
of toxic organophosphorus compounds.[5–12] The use of a-nu-
cleophiles such as HOO�, o-iodosylbenzoate and various ox-
imate anions have been reported to be highly effective to
destroy such toxic materials under mild conditions.[5–9] Be-
sides, various metal ions have shown significant catalytic ef-
fects as Lewis acid catalysts in reactions of various organo-
phosphorus compounds.[10–12]


However, mechanistic (experimental and theoretical)
studies have been performed much less intensively. Accord-
ingly, the mechanisms have not been completely understood
but remain controversial (i.e. , concerted vs stepwise mecha-
nism).[13–20] Williams et al. , performed nucleophilic substitu-
tion reactions of 4-nitrophenyl diphenylphosphinate with a
series of aryloxides whose pKa values increase the basicity
of the leaving 4-nitrophenoxide.[13] The reactions have been
concluded to proceed through a concerted mechanism since
the Brønsted-type plot was found to be linear.[13] Similarly,
Hengge et al. have found that alkaline hydrolysis of aryl di-
methylphosphinothioates exhibits much better Hammett
correlation with s� (R2 =0.991) than with so (R2 =0.933) or
s constants (R2 =0.926).[14a] Besides, reactions of 4-nitro-
phenyl dimethylphosphinothioate with aryloxides also re-
sulted in a linear Brønsted-type plot over 4.6 pKa units with
bnuc =0.47.[14a] Thus, the reactions have been concluded to
proceed through a concerted mechanism with a transition-
state (TS) structure similar to TS1.


[14a] This conclusion has
been further supported by studies of the primary 18O and
secondary 15N kinetic isotope effects.[14a]


On the contrary, Haake et al. have concluded that alka-
line hydrolysis of X-substituted phenyl diphenylphosphi-
nates (X=4-MeCO, 4-Br, 4-Cl, H, 3-Me, and 4-Me) pro-


Abstract: A kinetic study is reported
for alkaline hydrolysis of X-substituted
phenyl diphenylphosphinates (1a–i).
The Brønsted-type plot for the reac-
tions of 1a–i is linear over 4.5 pKa


units with blg =�0.49, a typical blg


value for reactions which proceed
through a concerted mechanism. The
Hammett plots correlated with so and
s� constants are linear but exhibit
many scattered points, while the corre-
sponding Yukawa–Tsuno plot results in
excellent linear correlation with 1=


1.42 and r=0.35. The r value of 0.35


implies that leaving-group departure is
partially advanced at the rate-deter-
mining step (RDS). A stepwise mecha-
nism, in which departure of the leaving
group from an addition intermediate
occurs in the RDS, is excluded since
the incoming HO� ion is much more
basic and a poorer nucleofuge than the
leaving aryloxide. A dissociative (DN +


AN) mechanism is also ruled out on the
basis of the small blg value. As the sub-
stituent X in the leaving group changes
from H to 4-NO2 and 3,4-(NO2)2, DH�


decreases from 11.3 kcalmol�1 to 9.7
and 8.7 kcalmol�1, respectively, while
DS� varies from �22.6 calmol�1 K�1 to
�21.4 and �20.2 calmol�1 K�1, respec-
tively. Analysis of LFERs combined
with the activation parameters assigns
a concerted mechanism to the current
alkaline hydrolysis of 1a–i.
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ceeds through a stepwise mechanism on the basis of the fact
that so constants exhibit a better Hammett correlation than
s� constants.[16] Similar results have been reported for alka-
line hydrolysis of O-X-substituted phenyl dimethylphosphi-
nothioates (X=4-NO2, 4-Br, H, and 4-Me),[17] imidazole cat-
alyzed hydrolysis of X-substituted phenyl diphenylphosphi-
nates (X=4-NO2, 3-NO2, 4-MeCO, 4-Cl, and H)[18] and alka-
line ethanolysis of X-substituted phenyl dimethylphosphi-
nates (X=4-NO2, 3-NO2, 4-MeCO, 4-Cl, H, and 4-Me).[10a]


Thus, these reactions have been concluded to proceed
through a stepwise mechanism with a TS structure similar to
TS2.


[10a,16–18]


We have recently shown that so constants result in a
better Hammett correlation than with s� constants for alka-
line ethanolysis of aryl diphenylphosphinates,[19] and aminol-
yses of aryl diphenylphosphinates[20a] and their thio ana-
logues, O-aryl diphenylphosphinothioates.[20b] Traditionally,
this result has been taken as evidence for a stepwise mecha-
nism with a TS structure similar to TS2.


[10a,16–18] However, we
have concluded that the reaction proceeds through a con-
certed mechanism, since the Yukawa–Tsuno plots for the
same reactions exhibit significantly better correlation than
the Hammett plots correlated with so constants alone.[19,20]


We have extended our study to alkaline hydrolysis of X-
substituted phenyl diphenylphosphinates (1a–i) at various
temperatures. The kinetic data have been analyzed using
various LFERs together with activation parameters (e.g.,
DH� and DS�). Analysis of LFERJs combined with the acti-
vation parameters permits unambiguous assignment of the
mechanism of the phosphinyl-transfer reaction. Besides, we
have shown that deduction of reaction mechanism based
just on the result from Hammett correlations with so or s�


constants alone can be misleading.


Results and Discussion


All reactions in this study obeyed pseudo-first-order kinetics
with quantitative liberation of X-substituted phenoxide.
Pseudo-first-order rate constants (kobsd) were determined
from the equation ln ACHTUNGTRENNUNG(A1�At) = �kobsdt + C. The plots of
kobsd versus [HO�] were linear passing through the origin,


which indicates that the contribution of H2O to kobsd is negli-
gible. Thus, the rate law is given by Equation (1).


rate ¼ kobsd½Sub�, where kobsd ¼ kHO� ½HO�� ð1Þ


The second-order rate constants (kHO�) were determined
from the slopes of the linear plots of kobsd versus [HO�] and
summarized in Tables 1 and 2. The uncertainty in kHO� is es-
timated to be less than 3% from replicate runs. The activa-
tion parameters (DH� and DS�) were calculated from the
Eyring equation.[21] Kinetic conditions and results are de-
tailed in the Supporting Information.


Effect of leaving-group basicity on reactivity : As shown in
Table 1, the second-order rate constant decreases as the
leaving group becomes more basic, that is, it decreases from
200m


�1 s�1 to 6.57 and 0.690m
�1 s�1 as the pKa of the conju-


gate acid of the leaving aryloxide increases from 5.42 to 8.05
and 9.95, respectively. The effect of the leaving-group basici-
ty on reactivity is illustrated in Figure 1. The Brønsted-type
plot is linear over 4.5 pKa units with blg =�0.49�0.04.


The blg value determined in the current reactions is sub-
stantially smaller than that reported for hydrolyses of aryl
phosphate dianions (blg =�1.2)[22a] and their thio analogues,
O-aryl phosphorothioate dianions (blg =�1.1).[22b] Such large
blg values for the latter reactions indicate that the dissocia-
tion of the P�OAr bond is significantly advanced in the TS.
Furthermore, the resulting metaphosphate intermediate can
be stabilized through resonance interactions as shown
below. Thus, the reactions have been concluded to proceed
through a dissociative (DN + AN) mechanism.[22]


However, one can exclude a (DN + AN) mechanism in
the current hydrolysis of 1a–i since a metaphosphate inter-
mediate is not possible and the blg of �0.49 is too small for
an (DN + AN) mechanism. In addition, it has been argued
that metaphosphate is not an intermediate for reactions of
aryl phosphates in aqueous medium.[23]


Table 1. Summary of second-order rate constants (kHO�) for alkaline hy-
drolysis of X-substituted phenyl diphenylphosphinates (1a–i) in 80 mol%
H2O/20 mol% DMSO at 25.0�0.1 8C.


Entry X pKa (X-PhOH) kHO�/m
�1 s�1


1a 3,4-(NO2)2 5.42 200
1b 4-NO2 7.14 21.3
1c 4-CHO 7.66 9.11
1d 4-CN 7.95 13.3
1e 4-COMe 8.05 6.57
1 f 3-Cl 9.02 3.81
1g 3-COMe 9.19 3.38
1h 4-Cl 9.38 2.44
1 i H 9.95 0.690
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The blg value obtained from the current reactions can be
compared with that reported for reactions which have been
suggested to proceed through a concerted mechanism, for
example, blg =�0.54�0.04 for alkaline ethanolysis of aryl
diphenylphosphinates,[19] blg =�0.47 for alkaline hydrolysis
of aryl dimethylphosphinates,[24] blg =�0.51 for reactions of
aryl diethyl phosphates with PhO� in water,[25] blg =�0.54
and �0.52 for reactions of O-aryl dimethylphosphino-
thioates with HO� and PhO�, respectively,[14a] and blg=


�0.39�0.04 for reactions of O-aryl dimethyl phosphoro-
thioates with PhO� in water.[26] Since blg =�0.5�0.1 appears
to be typical for reactions which proceed through a concert-
ed mechanism, one can suggest that the current hydrolysis
of 1a–i proceeds through a concerted mechanism.


Hammett versus Yukawa–Tsuno plots : One might expect
that s� constants would result in a better Hammett correla-
tion than so constants if breakdown of the P�OAr bond
occurs in the RDS either in a concerted mechanism with a
TS structure similar to TS1 or in a stepwise mechanism with
TS3. On the contrary, so constants would exhibit a better
Hammett correlation than s� constants if the bond rupture
occurs after the RDS with a TS structure similar to TS2. In
fact, Haake et al. have concluded that alkaline hydrolysis of
X-substituted phenyl diphenylphosphinates (X=4-MeCO, 4-
Br, 4-Cl, H, 3-Me, and 4-Me) proceeds through a stepwise
mechanism with a TS structure similar to TS2 on the basis of
the fact that so constants exhibit a better Hammett correla-
tion than s� constants.[16] A similar conclusion has been
drawn for hydrolysis of O-X-substituted phenyl dimethyl-
phosphinothioates (X=4-NO2, 4-Br, H, and 4-Me),[17] imida-
zole catalyzed hydrolysis of X-substituted phenyl diphenyl-


phosphinates (X=4-NO2, 3-NO2, 4-MeCO, 4-Cl, and H)[18]


and alkaline ethanolysis of X-substituted phenyl dimethyl-
phosphinates (X=4-NO2, 3-NO2, 4-MeCO, 4-Cl, H, and 4-
Me).[10a]


To determine the mechanism for the reactions of 1a–i,
Hammett plots have been constructed using so and s� con-
stants in Figure 2A and B, respectively. A careful examina-
tion of Figure 2A and B reveals that so constants exhibit
only a slightly better correlation than s� constants (i.e. , R2 =


0.982 for so and R2 =0.974 for s� constants). Thus, one
cannot obtain any conclusive information on the reaction
mechanism by the traditional method using so or s� con-
stants.


We have recently reported that the Yukawa–Tsuno equa-
tion [Eq. (2)] is highly effective to elucidate ambiguities in
reaction mechanisms of phosphinyl transfer and related re-
actions.[19,20, 27] Thus, a Yukawa–Tsuno plot has been con-
structed for the current hydrolysis of 1a–i. As shown in


Figure 1. Brønsted-type plot for alkaline hydrolysis of X-substituted
phenyl diphenylphosphinates (1a–i) in 80 mol% H2O/20 mol% DMSO
at 25.0�0.1 8C. The identity of points is given in Table 1; blg =�0.49�
0.04, R2 = 0.980.


Figure 2. Hammett correlations with A) so (1 = 1.60; R2 = 0.982) and
B) s� (1 = 1.09; R2 = 0.974) constants for alkaline hydrolysis of X-sub-
stituted phenyl diphenylphosphinates (1a–i) in 80 mol% H2O/20 mol%
DMSO at 25.0�0.1 8C. The identity of points is given in Table 1.
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Figure 3, the Yukawa–Tsuno plot exhibits an excellent cor-
relation (i.e. , R2 =0.996) with 1=1.42 and r=0.35. Since the
r value determined in the current reactions is neither 0 nor
1, the Yukawa–Tsuno plot results in much better linear cor-
relation than the Hammett plot using so or s� constants
alone.


logkX=kH ¼ 1½so þ rðs��soÞ� ð2Þ


The r value in the Yukawa–Tsuno equation represents the
resonance demand of the reaction center or the extent of
resonance contribution.[28] The fact that r=0.35 in the cur-
rent reactions indicates that a partial negative charge devel-
ops (in the RDS) on the O
atom of the leaving aryloxide,
which can be delocalized on the
substituent X through reso-
nance interactions. Thus, the
current result indicates that
breakdown of the P�OAr bond
occurs in the RDS whether the
reactions proceed through TS1


or TS3. However, one can ex-
clude TS3 clearly in the current
reactions on the basis of the fact that the incoming hydrox-
ide is much more basic and a poorer nucleofuge than the
leaving aryloxide. Thus, one can suggest that the present re-
actions of 1a–i proceed through a concerted mechanism
with TS1.


The above argument is inconsistent with the conclusion
drawn by Haake,[16] by Istomin,[17] and by Williams et al.[18]


for alkaline hydrolysis of aryl diphenylphosphinates. They
concluded that the reactions proceed through a TS structure
similar to TS2, since so (or s) constants exhibited better
Hammett correlations than s� constants.[16–18] We suggest
that the discrepancy in the mechanism may be due to limit-
ed numbers of substituents employed to construct a Ham-
mett plot with s� constants (e.g., only 4-NO2 or 4-MeCO
has a s� constant among four or six different substituents
employed by Istomin or by Haake et al., respectively), or in
the other case, to a failure of choosing a proper LFER such
as the Yukawa–Tsuno equation. In fact, we have found that
the kinetic data reported by Williams et al.[18] result in much
better correlation in the Yukawa–Tsuno plot (R2 =0.995)
than in the Hammett plot using s constants (R2 =0.977).


The 1 value of 1.42 shown in Figure 3 is comparable to
that reported for reactions which have been suggested to
proceed through TS1, for example, 1=1.17 for alkaline hy-
drolysis of O-aryl dimethylphosphinothioates,[14a] 1=1.98 for
alkaline ethanolysis of aryl diphenylphosphinates,[19] and 1=


1.91 for aminolysis of aryl diphenylphosphinates and their
thio analogs, O-aryl diphenylphosphinothioates.[20] However,
substantially larger 1 values have been reported for reac-
tions which proceed through a stepwise mechanism with
breakdown of intermediate being the RDS, for example, 1=


3.01 for aminolysis of X-substituted phenyl benzoates.[27a]


Thus, the fact that 1=1.42 in the current reactions also sup-
ports a concerted mechanism.


Activation parameters and reaction mechanism : To further
probe the above argument, activation parameters (DH� and
DS�) have been determined from the rate constants mea-
sured at five different temperatures for reactions of 3,4-dini-
trophenyl, 4-nitrophenyl, and phenyl diphenylphosphinates
(1a, 1b, and 1 i, respectively) with HO� ion. The kinetic re-
sults are summarized in Table 2 and illustrated graphically
in Figure 4. As shown in Figure 4, the Eyring plots exhibit
excellent linear correlations, indicating that the DH� and
DS� values determined in this study are accurate and relia-
ble.


The electronic nature of the substituent X in the leaving
aryloxide would influence the bond dissociation energy of
the P�OAr bond. Furthermore, the energy required to
break the P�OAr bond is reflected in DH�. Thus, if the re-
action proceeds through a concerted mechanism as dis-
cussed above, DH� should be strongly dependent on the
electronic nature of the substituent X. In fact, Table 2 shows
that DH� increases from 8.7 kcalmol�1 to 9.7 and 11.3 kcal


Figure 3. Yukawa–Tsuno plot for alkaline hydrolysis of X-substituted
phenyl diphenylphosphinates (1a–i) in 80 mol% H2O/20 mol% DMSO
at 25.0�0.1 8C; 1 = 1.42, r = 0.35, R2 = 0.996.


Table 2. Summary of kinetic results for alkaline hydrolysis of 1a, 1b, and 1 i in 80 mol% H2O/20 mol%
DMSO at five different temperatures.


kHO�/m
�1 s�1


15.0 8C 20.0 8C 25.0 8C 35.0 8C 45.0 8C DH�/kcalmol�1 DS�/calmol�1 K�1


1a 116 153 200 341 543 8.7�0.2 �20.2�0.6
1b 11.9 16.2 21.3 38.5 65.5 9.7�0.1 �21.4�0.4
1 i 0.344 0.475 0.690 1.28 2.52 11.3�0.2 �22.6�0.8
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mol�1 as the substituent X changes from 3,4-(NO2)2 to 4-
NO2 and H. The effect of the substituent X on DH� is illus-
trated in Figure 5, which exhibits an excellent linear correla-


tion with a large slope. Such a strong dependence of DH�


on the substituent X in the leaving group cannot be expect-
ed for reactions in which the departure of the leaving group
occurs after the RDS (e.g., TS2).


A similar result has been reported for the reactions of
morpholine with 2,4-dinitrophenyl, 4-nitrophenyl, and
phenyl acetates.[29] Jencks et al. have shown that the reac-
tions proceed through an addition intermediate with its
breakdown being the RDS (i.e., TS3), and the DH� value in-
creases from 9.1 kcalmol�1 to 10.7 and 14.3 kcalmol�1 as the
substituent changes from 2,4-(NO2)2 to 4-NO2 and H, re-
spectively.[29] Thus, one might suggest that DH� is even
more strongly dependent on the electronic nature of the
substituent in the leaving group for reactions which proceed
through a stepwise mechanism with leaving-group departure
being the RDS.


The fact that the Brønsted-type and Yukawa–Tsuno plots
are linear in the current hydrolysis of 1a–i indicates that the
reaction proceeds through a common TS structure (i.e., the
degree of leaving-group departure is constant regardless of
the electronic nature of the substituent X in the leaving
group). In this case, solvation of the negatively charged TS
would be more important than other factors (e.g., tightness
or looseness) to determine DS�.


The negative charge developing on the O atom of the
leaving aryloxide can be delocalized on the substituent X
through resonance interactions. Furthermore, as the sub-
stituent X changes from H to 3,4-(NO2)2, delocalization of
such partial negative charge would be more significant,
which would cause a decrease in solvation of the TS by de-
creasing H-bonding in the aqueous medium. Thus, one can
expect that DS� would become less negative for the reaction
of 1a (X=3,4-(NO2)2) than for that of 1 i (X=H). In fact, as
shown in Table 2, the DS� value changes from �22.6 cal
mol�1 K�1 to �21.4 and �20.2 calmol�1 K�1 as the substitu-
ent X varies from H to 4-NO2 and 3,4-(NO2)2, respectively.
Thus, the change in DS� on changing the substituent X, al-
though it is not large, is consistent with the proposed mecha-
nism.


Conclusion


The present study has allowed us to conclude the following:


1) The reactions of 1a–i have been suggested to proceed
through a concerted mechanism on the basis of the
linear Brønsted-type plot with blg =�0.49.


2) The Yukawa–Tsuno plot exhibits much better correlation
(R2 =0.996) with r=0.35 than the Hammett plot correlat-
ed with so constants (R2 =0.982), indicating that depar-
ture of the leaving group is advanced partially in the
RDS. However, TS3 has been excluded since HO� ion is
more basic and a poorer nucleofuge than the leaving
phenoxide ion.


3) The DH� values are strongly dependent on the electron-
ic nature of the substituent X in the leaving group, indi-
cating that the leaving-group departure occurs in the
RDS.


4) The DS� value becomes less negative as the substituent
X varies from H to 4-NO2 and 3,4-(NO2)2, which has


Figure 4. Eyring plots for alkaline hydrolysis of 1a (*, slope: �4400, in-
tercept: 14.4), 1b (*, slope: �4900, intercept: 13.8), and 1 i (&, slope:
�5700, intercept: 13.2.4) in 80 mol% H2O/20 mol% DMSO at five differ-
ent temperatures.


Figure 5. Plot of DH� versus s� constants for alkaline hydrolysis of
phenyl diphenylphosphinate (1 i), 4-nitrophenyl diphenylphosphinate
(1b) and 3,4-dinitrophenyl diphenylphosphinate (1a) in 80 mol% H2O/
20 mol% DMSO at 25.0�0.1 8C; slope: �1.31, R2 = 0.995.
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been attributed to a decrease in solvation of the nega-
tively charged TS1 on changing the substituent X.


5) Deduction of reaction mechanism based just on the
result from Hammett correlations with so or s� constants
alone can be misleading.


Experimental Section


Materials : X-substituted phenyl diphenylphosphinates (1a–i) were syn-
thesized by modification of literature as reported previously.[19,20] The
concentration of NaOH stock solution was determined by titration with
potassium hydrogen phthalate. Doubly glass distilled H2O was further
boiled and cooled under N2 to remove CO2 just before use. Other chemi-
cals were the highest grade available.


Kinetics : Kinetic studies were performed with a UV/Vis spectrophotome-
ter for slow reactions (t1/2 =10 s) or with a stopped-flow spectrophotome-
ter for fast reactions (t1/2 <10 s) equipped with a constant temperature
circulating bath. The reactions were followed by monitoring the appear-
ance of the leaving aryloxide at a fixed wavelength corresponding to the
maximum absorbance (lmax) of X-C6H4O


�. All the reactions were carried
out under pseudo-first-order conditions in the presence of excess NaOH.
Typically, the reaction was initiated by adding 5 mL of a 0.02m of sub-
strate solution in MeCN by a 10 mL gastight syringe to a 10 mm quartz
UV cell containing 2.50 mL of the thermostated reaction mixture made
up of CO2-free H2O and an aliquot of NaOH stock solution. All the solu-
tions were transferred by gastight syringes under nitrogen. Usually five
different concentrations of NaOH solution were used to determine
second-order rate constant (kHO�) from the slope of the linear plot of
kobsd vs NaOH concentration.


Products analysis : X-substituted phenoxide was liberated quantitatively
and identified as one of the reaction products by comparison of the UV/
Vis spectra after the completion of the reactions with those of the au-
thentic samples under the same reaction conditions.
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Li2B12Si2: The First Ternary Compound in the System Li/B/Si: Synthesis,
Crystal Structure, Hardness, Spectroscopic Investigations, and ACHTUNGTRENNUNGElectronic
Structure
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Introduction


Boron-rich borides are a class of compounds that is of par-
ticular interest to solid-state chemistry. The one-of-a-kind
structural chemistry of elemental boron is strongly influ-
enced by impurities, and thus systematic insertion of other
elements often causes characteristic structural changes in
the framework of boron polyhedra and leads to the forma-
tion of a variety of different crystal structures in the class of
boron-rich borides.[1] These compounds are of interest in
materials science because their mechanical and electronic
properties give rise to several high-temperature (HT) appli-
cations, for example, as HT semiconductors[2] and HT ther-
moelectrics.[3] Furthermore, the refractory nature of these
materials makes them applicable as abrasives[4] and compo-
nents of composites.[5] In addition, the special electronic
structure of boron-rich borides is a topic of current re-


search.[6] Band-structure calculations on this class of com-
pounds are quite difficult and hard to interpret, as the crys-
tal structures consist of complicated covalent 3D networks
dominated by boron polyhedra, and they have large unit
cells. Moreover, compositions are often nonstoichiometric
and the crystals or powders are mostly black. However,
when the first colorless and electron-precise boron-rich bor-
ides were synthesized,[7,8] interest in band-structure calcula-
tions on these compounds was aroused,[6] as there are rea-
sons to believe that the results will be meaningful for the
comprehension of bonding in networks of boron polyhedra.
The crystal structures of these compounds—Li2B12C2,
LiB13C2, and MgB12Si2—are remarkably simple. Their com-
positions are stoichiometric with every atom position fully
occupied.[7,8] Therefore, the rules of Wade and Longuet-Hig-
gins are fulfilled: every B12 icosahedron requires two elec-
trons, which are provided by the metal atoms.[9] This assign-
ment of electrons is confirmed by the fact that the single
crystals are almost colorless.
Using the well-established method of dispersing and dis-


solving the elements in molten metals in boron nitride cruci-
bles welded into Ta ampoules,[10–12] we were able to synthe-
size another electron-precise compound of this family,
namely, Li2B12Si2, the first ternary compound of the Li/B/Si


Abstract: We present the synthesis,
crystal structure, hardness, IR/Raman
and UV/Vis spectra, and FP-LAPW
calculations of the electronic structure
of Li2B12Si2, the first ternary compound
in the system Li/B/Si. Yellow, transpar-
ent single crystals were synthesized
from the elements in tin as solvent at
1500 8C in h-BN crucibles in arc-
welded Ta ampoules. Li2B12Si2 crystalli-
zes orthorhombic in the space group
Cmce (no. 64) with a=6.1060(6), b=


10.9794(14), c=8.4050(8) A, and Z=4.
The crystal structure is characterized


by a covalent network of B12 icosahe-
dra connected by Si atoms and Li
atoms located in interstitial spaces. The
structure is closely related to that of
MgB12Si2 and fulfils the electron-count-
ing rules of Wade and Longuet-Hig-
gins. Measurements of Vickers (HV=


20.3 GPa) and Knoop microhardness
(HK=20.4 GPa) revealed that Li2B12Si2


is a hard material. The band gap was
determined experimentally and calcu-
lated by theoretical means. UV/Vis
spectra revealed a band gap of 2.27 eV,
with which the calculated value of
2.1 eV agrees well. The IR and Raman
spectra show the expected oscillations
of icosahedral networks. Theoretical in-
vestigations of bonding in this structure
were carried out with the FP-LAPW
method. The results confirm the applic-
ability of simple electron-counting
rules and enable some structural spe-
cialties to be explained in more detail.
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system. The crystal structure was solved and refined on the
basis of single-crystal data. It is closely related to that of
MgB12Si2.


[8] The composition was confirmed by wavelength-
and energy-dispersive X-ray (WDX and EDX) measure-
ments. We also determined the hardness of Li2B12Si2. The
band gap, measured by means of UV/VIS spectroscopy, sup-
ports the calculated value. IR and Raman spectra were
taken and discussed. We also calculated the band structure
of Li2B12Si2 (FP-LAPW method), and the results match the
experimentally observed properties of the single crystals
well.


Results and Discussion


Description of the structure : Single crystals of Li2B12Si2 are
yellow and transparent (Figure 1) and their composition is


stoichiometric, just like the lithium boride carbides and the
magnesium boride silicide mentioned above.[7,8] The sum for-
mula can be written according to the rules of Wade and
Longuet-Higgins[9] as (Li+)2ACHTUNGTRENNUNG(B12


2�)(Si)2 or (Li
+)2ACHTUNGTRENNUNG(B12Si2


2�);
hence the covalent framework is anionic, made up of B12


2�


icosahedra and neutral Si atoms; Li ions occupy voids of the
framework.
The icosahedra are arranged in nearly hexagonal layers


that are stacked along [010] in an ABAB sequence. Li and
Si atoms are located between the layers, which the Si atoms
interconnect to form a covalent 3D framework (Figure 2).
Each B12


2� unit is linked to four other icosahedra by four
exohedral B�B bonds (B4�B4 1.795(2) A) within the layer
and has eight exohedral B�Si bonds (2.015(1)–2.070(1) A),
four above and four below the layer (Figure 3). The connec-
tion of B12 icosahedra by four exohedral B�B bonds into
almost hexagonal layers is discovered frequently in boron-
rich borides, for example, in the lithium boride carbides[7]


MgB7,
[13] MgB12C2,


[10d,e,11] Mg3B50C8
[10e] and MgB12Si2.


[8]


As in MgB12Si2,
[8] the B12


2� units are somewhat distorted
(Figure 4). They consist of four independent boron atoms
with endohedral B�B bond lengths varying from 1.765(1) to
1.939(2) A (av 1.811 A). The distances between the only
boron atoms that are not bonded to exohedral Si atoms,
that is, those with exohedral B�B bonds (Figure 3), are un-
usually long (B4�B4 1.939(2) A), like those found in


Figure 1. Single crystals of Li2B12Si2.


Figure 2. Crystal structure of Li2B12Si2.


Figure 3. Layer of icosahedra with Li and Si atoms below and above
(light, bold: exohedral Si�B bonds; dark, bold: exohedral B�B
bonds [A], e.s.d. 0.001 A).


Figure 4. Endohedral bonds of a B12 icosahedron [A], e.s.d. 0.001 A.
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MgB12Si2
[8] as well. We suggest electronic reasons for this


phenomenon (see below).
The silicon atoms are each bonded to four icosahedra in a


distorted tetrahedral surrounding. They connect the layers
of B12 units in such a way that three of the four icosahedra
belong to one layer and the fourth one to the next layer
(Figure 5). The B-Si-B angles are 100.43(4)–125.16(5)8, and


the Si�B distances of 2.015(1)-2.070(1) A (av 2.038(1) A)
are similar to those in MgB12Si2,


[8] SiB3
[14] and Mg3B36Si9C.


[15]


The sum of the covalent radii of Si and B is 2.05 A, so we
assume Si�B single bonds in this structure, slightly influ-
enced by secondary orbital interactions between Si and the
B12 units, which also cause the long endohedral B4�B4 dis-
tance (see below).
Lithium is located in voids of the covalent framework.


The coordination sphere is made up by nine boron atoms,
that is, one face and three edges of neighboring icosahedra,
and two silicon atoms (Figure 6). The Li�B distances are be-
tween 2.313(3) and 2.609(4) A, comparable to those in
Li2B12C2.


[7] The Li�Si distances are 2.347(3) and 2.544(3) A,
less than 0.09 A shorter than the Mg�Si distances in
MgB12Si2.


[8] Li is located on the mirror plane (011). The
large displacement parameters of Li, caused by its low


weight, show a significant anisotropy (U11/U33�3). This can
be interpreted as thermal motion or as a split position. A
structure refinement with the Li atom on a split position
about 0.02 A from the mirror plane converges with the same
R values as that with the Li atom on the mirror plane. A dis-
tinction between these two models can be drawn by means
of temperature-dependent X-ray measurements. In the case
of a split position the deviation from the mirror plane
should increase at lower temperature. Refinement of the
data collected at 100 K reveals that it is a dynamic phenom-
enon (Figure 6). The anisotropy of the displacement param-
eters is still present, but clearly reduced. The refinement
with split positions is still possible, but the shift is dimin-
ished to 0.015 A. The reduction of the displacement parame-
ters U11, U22, and U33 at 100 K are of a magnitude which cor-
responds to the decrease in temperature. The anisotropic
surroundings are the cause of the shape of the displacement
ellipsoid, as the lithium ion has more space to move in the
direction perpendicular to the mirror plane. Similar observa-
tions were made for other boron-rich borides containing Li
and Mg.[16] In general the displacement parameters of Si and
B are very small and uniform. This seems to be characteris-
tic of hard materials based on a covalent framework and
was also observed for related boron-rich borides.[7,8,11,12]


The similarity of Li2B12Si2 and MgB12Si2 also spans the co-
ordination spheres of the cations. In MgB12Si2 the surround-
ings of Mg were exactly like those of Li in this structure,
and even the distances between the cation and the atoms
around it are very similar.[8] The close relationship between
these structures can be shown with a simple group/subgroup
diagram[17] (Figure 7). Therefore, clearly the only reason for


the higher symmetry of Li2B12Si2 is the fact that this struc-
ture has twice as many cations as MgB12Si2, since the
B12Si2


2� framework gains two electrons per formula unit
either from one Mg atom or from two Li atoms. Thus, re-
duction of symmetry from space group Cmce (no. 64) to
Pnma (no. 62) occurs by splitting the Li position into the
Mg position and another position that is unoccupied in
MgB12Si2. As a side effect, the boron and silicon positions
are split as well, that is, the number of symmetry-indepen-
ACHTUNGTRENNUNGdent positions is duplicated. On the whole, the covalent
framework remains the same, consistent with the fact that
single crystals of both compounds are yellow and transpar-


Figure 5. Coordination of Si in Li2B12Si2 (bond lengths [A], e.s.d.
0.001 A).


Figure 6. Surrounding of Li in Li2B12Si2 (left: room temperature, right:
100 K; ellipsoids with 99% probability).


Figure 7. Group/subgroup relation of Li2B12Si2 and MgB12Si2.
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ent. Li2B12Si2 and MgB12Si2 are the first examples of the
same electron-precise network of B12 icosahedra with two
different metals. This is further evidence that simple elec-
tron counting rules such as those of Wade and Longuet-Hig-
gins[9] can work in solid compounds and can even be used to
explain relationships between structures.
Li2B12Si2 is also related to SiB3 (B12 ACHTUNGTRENNUNG(Si2)2),


[14] in which the
B12 units are arranged in the same type of pseudo-hexagonal
layers by formation of four exohedral B�B bonds. These
layers are interconnected by Si2 units in a zigzag array.
Therefore every icosahedron has four exohedral B�B bonds
and eight exohedral B�Si bonds as well.


Vibrational spectra : Figures 8 and 9 show the IR and
Raman spectra of Li2B12Si2 and the structurally closely relat-
ed compound MgB12Si2. As expected, the spectra are very
similar, but especially the Raman spectrum of the former


shows fewer signals with lower resolution. This seems to be
due to the absorption properties of Li2B12Si2; in the case of
MgB12Si2 it was possible to measure Raman spectra with
powder as well as with a single crystal in different orienta-
tions, but powder samples of Li2B12Si2 did not provide suita-
ble spectra even when different wavelengths (514.5 nm,
647.1 nm, 676.4, 1063 nm) were used. The possibility of
ACHTUNGTRENNUNGdecomposition of the compound by laser radiation was
ACHTUNGTRENNUNGexcluded.
Spectra from single crystals were only obtained on irradia-


tion parallel to the [001] direction. The reason for this is still
ambiguous, but the crystals show high optical anisotropy:
they are transparent and yellow (Figure 1) only in the [001]
direction. The vibrational spectra of Li2B12Si2 are therefore
discussed only in a qualitative manner. A detailed assign-
ment of modes was carried out for MgB12Si2, with a correla-
tion of modes resulting from a complete factor group analy-
sis, with polarized Raman spectra and force-field calcula-
tions as basis.[16] In addition, data for Li2B12C2 and LiB13C2,
for which force-field calculations were also performed, are
taken into consideration.[16]


Comparing the spectra of Li2B12Si2 in Figure 8 with pub-
lished data revealed that a-rhombohedral boron and boron-
rich borides exhibit bands up to 1200 cm�1. The vibrations
observed for Li2B12Si2 and MgB12Si2 can be distinguished by
means of reference systems such as B12H12


2� for “free icosa-
hedra”, a-rhombohedral boron for the three-dimensional
framework and B4C (or B13C2) and related phases (i.e. ,
B12P2, B12As2) to account for the additional influence of the
non-boron atoms.
On the basis of B12H12


2� and a-rhombohedral boron one
can distinguish between inter- and intra-icosahedral
bands.[18–20] By analogous spectroscopic investigations on
boron-rich compounds with the composition B12X2 (X=Si,
P, As) the bands of the icosahedron�X bonds are expected
to occur between 200 and 600 cm�1.[20–22] Overall, we must
consider strong coupling of the modes resulting from the
exohedral two-center bonds between the B12 icosahedra and
the strongly covalent Si�B bonds. In fact the “free-icosahe-
dra” (B12H12


2�) model is only a simplistic rough approxima-
tion. Moreover the change to the solid state causes a split-
ting of bands because degeneracy is broken. Both effects
were supported by spectroscopic analysis of MgB12Si2,
Li2B12C2, and LiB13C2.


[7,8]


In the range of 100 and 200 cm�1 librational modes are
documented for a-rhombohedral boron,[18,20] which were
also observed for MgB12Si2.
According to this factor group analysis, the description of


the modes refers to the free icosahedron B12H12
2� with Ih


symmetry and to the rhombohedral crystal structure in a-
rhombohedral boron. To keep this discussion concise, the
explicit assignment of modes for Li2B12Si2 and MgB12Si2 is
not mentioned here.
Modes which appear in the range 800–1100 cm�1 are pri-


marily determined by intra-icosahedral vibrations. Intra-ico-
sahedral deformation modes can also appear at lower fre-
quencies. Comparing the Raman spectra of MgB12Si2 with


Figure 8. IR (top) and Raman spectra of Li2B12Si2 (some weak Bands are
not labeled, see Tables 1 and 2).


Figure 9. IR and Raman spectra of MgB12Si2: Top: IR spectrum, middle:
Raman spectrum obtained from a single crystal, bottom: Raman spec-
trum obtained from powder.
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that of Li2B12Si2 shows that the apparent discrepancy in in-
tensity in the group of intra-icosahedral modes is attributa-
ble to the effects of polarization.
Endohedral bond lengths of the reference systems and the


Li and Mg boride silicides can be roughly correlated with
the observed vibrational frequencies (Table 1). The average
endohedral B�B distance in Li2B12Si2 of 1.844 A (MgB12Si2:
1.842 A) is significantly longer than those in B12H12


2� and a-
rhombohedral boron. For MgB12Si2 at least, this is associated
with a decrease in both n1ACHTUNGTRENNUNG(intra) and n2ACHTUNGTRENNUNG(intra), whereas n2-
ACHTUNGTRENNUNG(intra) could not be observed for Li2B12Si2.


Modes which appear at higher frequencies (900–
1250 cm�1) are primarily determined by exohedral B�B
bonds. The increase in frequencies of intra-icosahedral
modes in general can be explained by the changeover from
2e–3c bonds to 2e–2c bonds. In the case of Li2B12Si2 and
MgB12Si2 intercalation of silicon leads to strong covalent 2e–
2c B�Si bonds between the B12 layers.
In the same way as for the intra-icosahedral vibrational


bands (Table 1), qualitative assignment of the modes was
possible (Table 2). Based on the Raman spectra of B12H12


2�,
certain bands are well-defined as inter-icosahedral modes
because they are associated with B�H vibrations.[23] In the
range 200–600 cm�1 one finds deformation modes of the ico-
sahedra as well as exohedral vibrations in which Si atoms
are expected to be involved. The strong influence of vibra-
tional coupling is shown by the significant differences be-
tween the spectra of a-rhombohedral boron and boron-rich
compounds.


Hardness : Because of the strong covalent bonds within the
three-dimensional network, Li2B12Si2 was expected to be a
hard material. This was confirmed by measurements of the
microhardness (maximum load: 2 N, see Experimental Sec-
tion). Vickers and Knoop values of 20.3 (HV) and 20.4 GPa
(HK) were obtained. These values are comparable to those


of other boron-rich borides. Because microhardness values
depend on the measurement conditions (load, indentation
time) we investigated a-AlB12, too, and found slightly higher
values (HV=25.4, HK=25.2 GPa). In an earlier investigation
of m-MgB12C2


[11] with a maximum load of 5 N we found
nearly equal microhardness HV for the boron-rich borides
m-MgB12C2 (26–34 GPa) and B4C (27–30 GPa). Published
values for a-AlB12 and B48Al3C2, are 25.3


[25] and 30 GPa,[26]


respectively. These values are higher than that of Al2O3
(21 GPa[27]) and lower than those of c-BN (45 GPa[27]) and
diamond (100 GPa[27]). The microhardness of Li2B12Si2 is


similar to that of Al2O3. Proba-
bly, the lower microhardness
of Li2B12Si2 results from the
higher content of Li+ cations,
which do not contribute to the
covalent network and thus
lower the microhardness.


UV/VIS data : Figure 10 shows
the UV/Vis spectrum of


Li2B12Si2. The absorbance has no maxima within the whole
detection range (200–800 nm) but changes significantly be-
tween 550 and 500 nm. This is typical for a semiconductor/
isolator in which the optical properties are determined by
an optical band gap. The onset of the absorption edge can
be determined by linear regression. For Li2B12Si2 a value of
546.6 nm (2.27 eV) was obtained.


Electronic structure


DOS/band structure : Band-
structure calculations and the
density of states (DOS) for
Li2B12Si2 (Figure 11) show a
band gap of 2.1 eV. This is in
good agreement with the ex-
perimentally acquired band
gap from UV/Vis measure-


Table 1. Endohedral bond lengths and predominant intra-icosahedral vibrations.


B12H12
2�[19, 22] a-rhomb. B Li2B12Si2 MgB12Si2


dendo ACHTUNGTRENNUNG(B�B) [A] 1.75 1.73–1.79 1.77–1.79;
1.80–1.825; 1.94


1.75–1.77;
1.80–1.83; 1.95


IR Raman IR[20,22] Raman[19,23,24] IR Raman IR Raman
n1 ACHTUNGTRENNUNG(intra) [cm


�1] 1070 (F1u) 949 (A1g) 805 933 (A1g) 805 861 799 903
n2 ACHTUNGTRENNUNG(intra) [cm


�1] 720 (F1u) 584, 770 (Hg) 705 587, 872 (Eg) 586–430 – 573–353 575


Table 2. Exohedral bond lengths and predominant inter-icosahedral vibrations.


a-rhomb. B[23,24] Li2B12Si2 MgB12Si2


dexo1 [A]
(2c–2e bonding)


1.71 1.795 1.78


dexo2 [A] 2.02
(3c–2e bonding)


2.01–2.07
ACHTUNGTRENNUNG(B�Si)


1.98–2.15
ACHTUNGTRENNUNG(B�Si)


IR Raman IR Raman IR Raman
n1 ACHTUNGTRENNUNG(inter) [cm


�1] 1202, 1234 1186 (A1g) 965, 930 987, 953
n2 ACHTUNGTRENNUNG(inter) [cm


�1] 1103 (Eu) 1123, 710, 776, (Eg) 1103 705, 772 1081 701, 774
n3 ACHTUNGTRENNUNG(inter) [cm


�1] 928 (A2u) 258–505 216–510


Figure 10. UV/Vis spectrum of Li2B12Si2.
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ments of 2.27 eV (Figure 10). The band structure (Figure 12)
of Li2B12Si2 shows that the compound is a direct G-point
semiconductor (to improve clarity the Fermi level has been
increased to 0.05 eV).


The DOS and band structure of Li2B12Si2 consist of core
and valence states. Here we only discuss valence states.
Therefore, states below �10 eV are in general not displayed
(Li 1s; B 1s; Si 1s, 2s, 2p). As a result, there are 44 bands
representing 88 electrons from �9.05 eV to the Fermi level
EF. These electrons belong to the B 2s, 2p and Si 3s, 3p
states; the Li atoms transfer their electrons completely to
the covalent framework.


Structure and interpretation of DOS and band structure :
The states near EF are mainly dominated by p states of
boron and silicon. Between �4 and �10 eV the influence of


s states on both elements increases. Corresponding to the
covalent bonding in the 3D framework, the DOS shows
sharp peaks, while the band structure shows narrow disper-
sions in the range containing the p states.


Si PDOS/BS : The partial density of states (PDOS) of silicon
(Figure 13) shows relatively good s–p separation, whereby


the Si s states are much more delocalized than the Si p
states. This suggests less pronounced sp3 hybridization. This
is also supported by the B-Si-B angles, which differ signifi-
cantly from the ideal tetrahedral angle. A “fat-band” plot of
the band structure reveals the valence band to have highly
pronounced Si px character (Figure 14).


Figure 11. Calculated TDOS of Li2B12Si2.


Figure 12. Band structure of Li2B12Si2.


Figure 13. Si PDOS in comparison with TDOS. Overlap of Si s and Si p
states is significant only between �4 and �7 eV.


Figure 14. “Fat-band” plot of Si px states. The valence band decreases
from G.
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B-PDOS/BS : The PDOS of the four distinguishable B
atoms (given for B3 as an example in Figure 15) shows a
mixture of s and p states. According to the PDOS of the Si
atoms this can be interpreted as almost total hybridization


of the B atoms. The p states of all B atoms dominate at EF,
whereas between 0 and 0.5 eV the B3 states are most pres-
ent (Figure 16). The px states of the B3 atoms in particular
contribute to the valence band, which is also shown as a
“fat-band” plot (Figure 17).


Si and B3 DOS/BS: Si�B bonds and bonding : At EF B3 px
states are present as well as Si px states, which means that
the nature of the valence band is predominantly determined
by both of these states (Figure 14, Figure 17, Figure 18).


In the case of Li2B12Si2 it is almost impossible to derive the
bonding situation by interpretation of the band structure,
because the 3D covalent framework produces a complex
crystal structure. As a consequence of strong electronic
mixing of the states of all B and Si atoms we cannot get any
exact information about the Si�B bonds in general. Fortu-
nately, we can estimate the nature of the Si�B3 bond on the
basis of the Si px and B3 px fat-band plots: this bond is
partly “visible” in the valence band. For this reason it is nec-
essary to plot k paths along kz (Z!G) and kx (G!Y1)
inside the first Brillouin zone. The Si�B3 bond is partly lo-
cated in the ac layer. As a result the valence band shows a
quite narrow dispersion (G!Y1) in direction of kx or a. Al-
though the dispersion is very narrow, there is a decreasing
progression of the band from G along kx, which means that
it is s-bonding in nature. In fact this band can be interpreted
as an Si�B3 s band or a p–p s bond.


Figure 15. B3 PDOS compared to TDOS. There is total overlap between
the B3 s and p states.


Figure 16. B-PDOS of the B atoms other than B3 in comparison with
TDOS. The presence of B p states between 0 and 0.5 eV is significantly
less than in the case of the B3 p states shown in Figure 15.


Figure 17. “Fat-band” plot of the B3 px states.


Figure 18. Si PDOS in comparison to B3-PDOS. The px states of B3 and
Si dominate at EF.
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Icosahedron bonds : In the ac layer the B12 icosahedra are
tilted and B4 atoms form the inter-icosahedral bonds inside
the icosahedral layers of the framework. A B12 icosahedron
provides 48 atomic orbitals. Twelve (radial) sp hybrid orbi-
tals that point towards the inside of the icosahedron are dis-
posed for exo s bonds. The remaining 24 tangential p orbi-
tals can form 3c bonds.[28] In this case, band-structure calcu-
lations cannot provide an absolute differentiation between
intra- and inter-icosahedral bonds because of the strong
mixing of all symmetry-allowed intra-icosahedral exo and
endo states. Because of this we cannot classify states into
radial and/or tangential bands.[6] To obtain more details of
endo B�B bonds and bonding
on the basis of B�B bond dis-
tances, the theoretical valence
charge density can reveal
much more about the electron-
ic structure of the covalent
boron framework in Li2B12Si2.


Li PDOS: electron transfer :
The Li PDOS (Figure 19)
shows very low density of
states below EF. The Bader
method[29] gives a charge of
Li0.87+ , which can be under-
stood approximately as com-
plete charge transfer from the
Li atoms to the covalent
framework of the boride.


Valence charge density 1val :
Due to the variation of intra-icosahedral B�B distances it is
reasonable to deal with 1val at the bond critical points
(BCPs). To visualize the bonding situation in the entire ico-
sahedron, 1val was determined for four neighboring icosahe-
dral-triangle segments (Figure 20). Contour lines from 1 to 8
are related to a charge density of 1=0.14eA�3.


3c bonding : Figure 21 shows triangles containing the longest
intra-icosahedral bonds (1.83 and 1.94 A). Because of the
lengthened B4�B4 bond (1.94 A) the charge density in the
region of the B4�B4 bond axis is lower than expected
within a conventional 3c bond.[28] This shows that an elec-
tronic deformation exists within the icosahedral triangle.
The positions of BCPs could only be estimated with the top-
ology of the charge density inside regions containing B1�B4
and B2�B4 bonds (1.83 A), where definite saddle points are
indicated. From this estimation we find that 1BCPval =0.72eA�3


and, in the case of the B4�B4 interaction, 1BCPval =0.62eA�3.
No BCP could be found between the B4 atoms, but there
correlation with bond order is of course problematic.
Figure 22 shows icosahedral triangles located next to the


triangles in Figure 21, which contain shorter B�B bonds
(1.76–1.80 A). As expected, the homogeneous charge densi-
ty distribution in Figure 22a represents a conventional 3c–2e
bond.[30] For these bonds saddle points were found[29] with
1BCPval =0.73–0.78eA�3. In the region of the B1�B3 bond
(1.76 A) the highest charge density of 1BCPval =0.81eA�3 was
found, in accordance with the shortest intra-icosahedral
bond length (Figure 22b).
To visualize the bonding situation within the B12 layers,


the electronic conditions of B4�B4 exo bonds (1.795 A)
must be examined for electronic deformation: Figure 23aFigure 19. TDOS of Li2B12Si2 in comparison to Li PDOS.


Figure 20. a) B12 unit and surroundings. b) Neighboring icosahedral trian-
gles and bond lengths [A].


Figure 21. a, b) Neighboring icosahedral triangles. Compared to the other B�B bonds in this compound,
charge density is significantly lower in the region of the very long B4�B4 bond. Solid lines represent paths
containing saddle points; BCPs are marked with closed circles.
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shows quite localized valence charge distribution in the
region of the B4�B4 exo bond axis, whereas this distribution
is typical for a 2c-2e bond. Here the 1BCPval value of 0.82eA


�3


differs considerably from the
endo B4�B4 interaction men-
tioned above.
Lowering of the symmetry


of the B12 units in the rhombo-
hedral lattice results in varia-
tion in the intra-icosahedral
bond lengths and electronic de-
formation. However, in the
case of Li2B12Si2, the reason for
one significantly lengthened
intra-icosahedral bond, the B
atoms of which are exclusively
B-bonded, is still unknown. In
this context, the interaction of
the B4�B4 bond with the Si or-
bitals (Figure 24) could be dis-
cussed, although the Si atom is
relatively far away (3.09 A be-


tween the B4�B4 bond and the
Si atom). The valence charge
density in the region defined
above shows a T-shaped pat-
tern hinting at electrostatic in-
teraction or partial charge
transfer between the B4�B4
bond and the Si atom.
Quantum chemical investiga-


tions of compounds with simi-
lar structural and electronic
properties to MgB12Si2


[8] and
SiB3


[14] are currently in prog-
ress to interpret the nature of
this interaction, because the
reason for the observed intra-
icosahedral bond lengthening
in these compounds cannot yet
be finally determined. Experi-
mental determination of va-
lence charge density can also
provide information about any
interaction.
To investigate the 3D shape


of the charge density it is im-
portant to visualize it perpen-
dicular to the plane shown in
Figure 25a.[29] Perpendicular to
the Si�B1 bond axis we ob-
serve a maximum in density in
accordance with the existence
of a saddle point. In contrast,
the region of the B4-B4-Si in-
teraction contains neither a
charge density maximum nor a


BCP, although charge density distribution is significant.
A possible reason for lengthening of the B4�B4 bond


could be a donor–acceptor interaction in which the B4�B4


Figure 22. a) Icosahedral triangle containing bonds between 1.78 and 1.80 A and homogenous charge density
distribution. b) Icosahedral triangle containing the shortest intra-icosahedral bond (1.76 A). Thick lines repre-
sent bonds shorter than 1.80 A.


Figure 23. a) Valence charge distribution in the region of the exo B4�B4 bond between the B12 layers. b) B12
unit with plane showing exo B4�B4 bond.


Figure 24. a) Valence charge distribution in the B4-B4-Si plane, provided as an aid to visualizing the interac-
tion. Charge density between the bond and the Si atom is T-shaped. b) B12 unit with plane showing endo B4�
B4 bond and Si atom.
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bond acts as donor. Charge should thus be transferred from
bonding icosahedron orbitals into antibonding acceptor or-
bitals of the Si atom. As a result the bond order of the endo
B4�B4 bond would decrease. Another means of decreasing
B4�B4 bond order and lengthening the bond is transfer of
charge from Si atom orbitals into the B4�B4 bond in a simi-
lar way to back-donation, whereby antibonding states are
populated. However, without detailed knowledge of the
symmetry of the orbitals involved it is not possible to assign
any donor or acceptor functions. Another noteworthy point
is the absence of a BCP, which could indicate a bond path
along the T-shaped distribution as evidence for any charge
transfer or interaction causing an unusually long bond.


Conclusion


Single crystals of Li2B12Si2 are formed from the elements in
a Sn melt at 1500 8C. The crystal structure is based on B12
icosahedra that are connected by exohedral 2e–2c B�B
bonds into layers and by Si atoms into a three-dimensional
net. The transparent, yellow crystals are stable against
water, air, and concentrated hydrochloric acid.
Li2B12Si2 is another demonstration that the auxiliary-metal


technique is a versatile tool for the synthesis and crystal
growth of boron-rich borides. Under these conditions there
is a strong tendency to form stoichiometric compounds with
well-ordered crystal structures, in contrast to many other
boron-rich borides formed by conventional HT syntheses.
This has been shown before with compounds such as
Li2B12C2, LiB13C2, MgB12Si2, Mg2B24C and MgB12C2. In all of
these cases structural features conform to the simple elec-
tron-counting rules of Wade and Longuet-Higgins for closo
polyhedra.
For Li2B12Si2 we were able to measure a number of physi-


cal properties and to align them with band structure calcula-
tions. All of these investigations confirm that this unique
class of boron-rich borides are stoichiometric and electron-
precise compounds of high chemical, mechanical and ther-
mal stability. The results are important for the search for
new hard and superhard materials. Further experiments on
NMR properties and experimental electron density determi-
nations are in progress.


In the versatile structural
principle of combining B12 ico-
sahedra and small building
units of other light main group
elements like isolated atoms
(B in MgB7,


[13] C in m-
MgB12C2


[11] and Mg2B24C,
[12a] Si


in Li2B12Si2 and MgB12Si2,
[8] C2


in o-MgB12C2
[11] and Li2B12C2,


[7]


CBC in LiB13C2,
[7] Si8 and SiC


in B36Si9C
[15]), the electrons for


stabilization of the B12 icosahe-
dra are supplied by Li or
Mg3B36Si9C cations located in


voids of the covalently bonded anionic network. By varia-
tion of the experimental conditions we expect to synthesize
further representatives of this special class of compounds
which shows a unique combination of chemical, physical
and structural properties.


Experimental Section


Synthesis : Single crystals of Li2B12Si2 were synthesized from the elements
in a Sn/Si melt. Sn (shots, ca. 3 mm diameter, 99.9%, ABCR), Si (lumps,
0.1–2.5 cm, 99.9999%, Alfa Aesar), Li (rod, 99%, Riedel de HaSn) and
B (pieces, crystalline, grade K2, ABCR) were weighed into an h-BN cru-
cible in a molar ratio between 1:1:1:0.25 and 1:1:1:1 (total 1.5–8.8 g). The
crucible was closed with an h-BN screw cap and put into a tantalum am-
poule, which was sealed by arc welding. The ampoule was put into a
high-temperature laboratory furnace (type LHTG, GERO Hochtempera-
turçfen GmbH&Co.KG) and heated in an argon atmosphere up to
1500 8C, held for 40 h and cooled to room temperature at 60 8Ch�1. The
ampoule was opened and Sn was removed by dissolution in conc. HCl
for several hours. Single crystals of Li2B12Si2 are yellow, transparent and
mostly shaped like polyhedra with sizes up to 1.5 mm. There was no by-
product except for single crystals of silicon.


Elemental analysis : Qualitative and quantitative analyses on several
single crystals of Li2B12Si2 were made by EDX and WDX measurements.
The samples were fixed with conducting glue on a graphite platelet
mounted on an aluminium sample holder. Besides the presence of Si and
B it was confirmed that no other element heavier than B was present.
The EDX (REM: DSM 962, Carl Zeiss; EDX device: INCA Energy 300,
Oxford) analysis with B and SiO2 as standards showed molar B/Si ratios
of 85.4:14.1 (�0.4) on average. WDX (Cameca SX100) measurements
with the standard MgB12Si2 yielded B/Si/X=74.8:12.6:12.6 (calcd
12.5:75.0:12.5). The value of X was measured by difference and matches
the expected percentage of Li perfectly, as no other elements with Z>4
were found.


Crystal structure determination : Diffraction data for single crystals of
Li2B12Si2 were measured with an Image Plate Diffraction System (IPDS
II, Stoe) with MoKa radiation. Several single crystals of different batches
were measured. A C-centered orthorhombic cell with a=6.1060(6), b=


10.9794(14), and c=8.4050(8) A was found. Details of the best refine-
ment are listed in Table 3. Because of the low absorption coefficient
(0.5 mm�1), no absorption correction was done. Structure solution with
direct methods (SHELXTL[31]) in Cmce gave a structure model with six
independent atoms. The elements were assigned according to electron
densities and distances between atoms. All atoms were refined with ani-
sotropic displacement parameters. Every occupation factor was refined
separately as a free variable within very small standard deviations. Full
occupation was observed for every atom. 582 reflections and 44 parame-
ters resulted in R values of R1(F)=0.0249 and wR2(I)=0.0631. Atom co-
ordinates and displacement parameters are listed in Tables 4 and 5. Se-


Figure 25. a) Charge density distribution perpendicular to the plane shown in Figure 24. From the Si�B1 bond,
charge density decreases continuously. b) B12 unit with plane perpendicular to that shown in Figure 24.
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lected distances and angles are listed in Table 6. Further details on the
crystal structure investigations may be obtained from the Fachinforma-
tionszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany
(fax: (+49)7247-808-666; e-mail : crysdata@fiz-karlsruhe.de), on quoting
the depository number CSD-418627.


Microhardness : Microhardness was measured with a microhardness
equipment MHT 10 (A. Paar, Austria). A force of 2 N was generated
within 10 s and applied for 15 s. The imprints of the indenters (Vickers:
square pyramid, Knoop: rhombic pyramid) were evaluated and converted
to a microhardness value according to the usual procedures.[32]


IR and Raman spectra : The FTIR and FT Raman measurements were
performed with a Bruker IFS66v spectrometer. The IR sample was made
of crystalline powder pressed with KBr into pellets. Raman measure-
ments were carried out with a Nd:YAG laser with an output of 100 mW
and 1000 scans on single crystals with a Raman microscope. Powder sam-
ples were prepared in 0.3 mm capillaries and measured with an output of
400 mW and 5000 scans.


UV/VIS spectra : The single-crystal UV/Vis spectra were measured with
a JASCO V-570 UV/VIS/NIR photometer in the range from 200 to
2500 nm.


Calculations : Calculations on Li2B12Si2 were performed with the full po-
tential linearized augmented plane wave (FP-LAPW) method. Exchange
and correlation were treated within the generalized gradient approxima-
tion (GGA) in the Engel–Vosko version[33] with the WIEN2k program
package. In the calculation the following muffin tin radii Rmt were used:
Si 2.0 a.u. (106 pm), Li 1.44 a.u. (74.2 pm), B 1.66 a.u. (88 pm). Self-con-
sistency was achieved by requiring a convergence of the total energy
smaller than 10�5 Ry/cell and a charge distance of about 10�5. The cut-off
energy was Rmt·kmax=5 unitary. Integration of the Brillouin zone to deter-
mine total and partial DOS (TDOS, PDOS) was carried out by the tetra-
hedron method (4000 k points/BZ; 540/IBZ) and the irreducible wedge
for band structure plots along the k path ZGY1 were calculated with a
grid of 60 k points. Valence charge distribution 1val was described with
the program xcrysden.[34]
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Construction of a pH-Responsive Artificial Membrane Fusion System by
Using Designed Coiled-Coil Polypeptides


Ayumi Kashiwada,*[a] Kiyomi Matsuda,[a] Toshihisa Mizuno,[b] and Toshiki Tanaka*[b]


Introduction


Membrane fusion is a crucial event in the biological function
of living organisms. Fertilization involves membrane fusion
of a sperm with an egg, and cell division requires membrane
fusion to re-seal plasma membranes after the cell divides.
Membrane fusion is also observed in endocytosis, exocytosis,
and cellular membrane traffic.[1–9] However, spontaneous
membrane fusion reactions are not achieved because of
large energetic barriers in biological membranes. The ener-
getic barriers are caused by strong hydration, as well as elec-
trostatic and steric repulsions.[10–14] In living organisms, mem-
brane fusion proteins are believed to overcome these vari-


ous barriers; up to now many proteins associated with the
membrane fusion process have been identified.[15–22] Among
these fusion proteins, the viral spike glycoproteins responsi-
ble for the penetration of enveloped viruses into their host
cells have been well characterized.[23–25] Their mechanistic
and structural role in the fusion process occurring between
the envelopes of viruses and the membranes of host cells
has been studied extensively, both with intact viral fusion
proteins and with synthetic analogues of the fusion protein
domains. Influenza virus fusion, mediated by influenza he-
magglutinin (HA), has been a particularly prominent model
and has served as the paradigm for studying viral and nonvi-
ral membrane fusion mechanisms. HA is a homotrimer of
identical subunits, each containing two disulphide-linked
polypeptides, HA1 and HA2. The HA1 subunit contains the
binding site for sialic acid on the membrane of the host
cells. The HA2 subunit contains fusion peptide (a highly
conserved hydrophobic sequence of about 20 amino acids),
which facilitates the fusion event. The fusion is triggered by
the mildly acidic pH that prevails in the endosome. Remark-
ably, the structure of HA completely changes in response to
a pH change. In particular, under acidic pH conditions the
amino terminus of the HA2 subunit changes from a helical
hairpin structure to an extended triple-stranded coiled-coil
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Abstract: In many viruses, pH-respon-
sive coiled-coil domains in the specific
fusion proteins play important roles in
membrane fusion and the infection of
viruses into host cells. To investigate
the relationship between the conforma-
tional change of the coiled coil and the
fusion process, we have introduced a
de novo designed polypeptide as a
model system of the coiled-coil
domain. This system enables the sys-
tematic study of the dynamics of pH-
responsive coiled-coil polypeptide–
membrane interactions. First, we de-
signed and synthesized pH-responsive


isoleucine-zipper triple-stranded
coiled-coil polypeptides. Then the rela-
tionship between the pH-induced con-
formational change of the polypeptide
and the membraneAs interactive proper-
ties was studied by physicochemical
methods. Structural changes in the de-
signed polypeptides were examined by
means of circular dichroism measure-


ments. And finally, the behavior of the
membrane fusion was investigated by
leakage of liposomal contents, turbidity
analysis, dynamic light scattering, and
lipid mixing experiments. Our data
show that coiled-coil formation under
acidic pH conditions enhances poly-
peptide-induced membrane fusion. The
results in this study demonstrate that
an artificial membrane fusion system
can be constructed on a molecular
level by the use of a pH-responsive iso-
leucine-zipper triple-stranded coiled-
coil polypeptide.


Keywords: de novo design · isoleu-
cine zipper · liposomes · membrane
fusion · peptides · pH-responsive
coiled coil
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structure, thereby causing the buried fusion peptide to
appear on the outside.[26–30] To investigate the relationship
between the structure of the polypeptide and membrane
fusion, we designed synthetic coiled-coil polypeptides that
change their conformation to the membrane in response to
pH. We then studied the liposomal membrane fusion prop-
erties using these synthetic polypeptides under both neutral
and acidic pH conditions. The use of synthetic fusion poly-
peptides is valuable for further investigation of possible
roles for the HA2 region in fusion processes and also in the
development of novel membrane fusion agents.


Results and Discussion


Design of peptide with pH-dependent conformational
change to membrane : The a-helical coiled coil is character-
ized by heptad repeats of seven amino acid residues, denot-
ed a to g, with hydrophobic residues at the a and d posi-
tions.[31, 32] Two to five right-handed a helices wind around
one another with amino acids at the a and d position facing
the hydrophobic core in a left-handed supercoil. We previ-
ously constructed a nativelike triple-stranded coiled-coil
peptide, IZ, which consists of 31 amino acid residues con-
taining four repeats of the heptad, IEKKIEA (defgabc).[33]


We showed that the IZ derivative, IZ-2aE, which has one
Glu residue at the a position, changes its structure from a
random coil at pH 7.0 to the coiled coil at pH 5.0.[34] In mac-
rophage scavenger receptors,
a Glu residue at the hydro-
phobic core has been known
to play an important role in
pH-dependent conformational
change. The pH-dependent
conformational change ob-
served in IZ-2aE is similar to
macrophage scavenger recep-
tors. Based on IZ-2aE show-
ing a pH-dependent confor-
mational change, we designed
several IZ-2aE derivatives to
anchor a membrane; to
anchor the peptide in the
lipid bilayer we used stearic
acid.


Hydrophobic residues at-
tached to the peptide some-
times contribute to the aggre-
gation of the peptide.[35]


Therefore, we analyzed the
effect of a number of Glu res-
idues incorporated at the a
position of IZ (Figure 1). The
IZ-E1-St has one Glu residue
at the 3a position, IZ-E2-St
has two Glu residues at the
3a and the 4a, and IZ-E3-St


has three Glu residues at the 2a, the 3a, and the 4a posi-
tions, respectively. The structure of the designed peptides
was analyzed by using CD spectroscopy. IZ-E1-St showed
an a-helical coiled coil at both pH 4.3 and pH 7.3 as indicat-
ed by the negative peaks at l=208 and 222 nm (Figure 2a).
Additionally, the oligomerization state of IZ-E3-St was ana-
lyzed by gel filtration at both pH values by using a Sepha-
dex G-50 column. The polypeptide was eluted at the same
position at which the coiled-coil trimer from the standard IZ
polypeptide was eluted, indicating that IZ-E1-St formed a
triple-stranded coiled coil (Figure 3a). We speculate that this
unexpected coiled-coil formation of IZ-E1-St at pH 7.3
would be caused by the higher coherency of the hydropho-
bic stearic acid moiety. To decrease the stability of the


Figure 1. Amino acid sequences used for a pH-induced trimeric coiled
coil. Only amino acids different from the IZ sequence are indicated. The
bar indicates the same amino acid as used in IZ. The heptad repeats are
preceded by the YGG sequence for the peptide quantitation. K* indi-
cates lysine incorporated with stearic acid at the side-chain amino group.


Figure 2. Circular dichroism spectra of a) IZ-E1-St, b) IZ-E2-St, and c) IZ-E3-St peptide at pH 7.3 (*) and 4.3
(*). d) pH-dependence of the IZ-E3-St peptide. The measurements were performed in a citric acid/phosphoric
acid buffer (10 mm) containing 0.1m NaCl at various pH conditions. The peptide concentrations were 40 mm.
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coiled-coil structure, we increased the number of Glu at the
hydrophobic positions. IZ-E2-St still exhibited an a-helical
structure at pH 7.3, although the a-helical content decreased
with the small negative peak at 222 nm (Figure 2c). IZ-E3-
St formed a random coil at pH 7.3, as indicated by the nega-
tive peak below 200 nm, whereas it formed an a-helical
structure at pH 4.3 (Figure 2c). Thus, IZ-E3-St exhibited a
similar conformational change to that of hemagglutinin. pH
titration was carried out with IZ-E3-St (Figure 2d). IZ-E3-St
formed a random coil at neutral pH and an a-helical struc-
ture under acidic pH conditions, with a midpoint of transi-
tion of pH 5.7. The aggregation degree of IZ-E3-St was ana-
lyzed by gel filtration at pH 4.3 by using a Sephadex G-50
column. IZ-E3-St was observed to have formed a triple-
stranded coiled coil (Figure 3b).


To create the artificial membrane fusion system promoted
by the pH-responsive polypeptide, we prepared the EggPC
liposome containing the W-IZ-E3-St polypeptide. This de-
signed polypeptide has a Trp residue at the N terminus to


enable the investigation of lipid–polypeptide interactions by
Trp fluorescence experiments. Multilamellar vesicles were
prepared by evaporation of a solution of EggPC and W-IZ-
E3-St in chloroform, followed by hydration in an aqueous
buffer. The suspension was submitted to five freeze–thaw
cycles for equilibration. Small unilamellar vesicles (SUVs)
for this experiment were prepared by extrusion across a
polycarbonate unipore membrane (100 nm pore size) using
a Mini-Extruder Set. The mixture was separated by using a
Sephadex G-50 column to remove the unbound peptide
from the liposome. The structure of the peptide on the
EggPC liposome was subjected to CD spectra measurements
(Figure 4a). Due to the presence of the lipid, CD spectra
could not be measured below 202 nm. It showed the minima
at 208 and 222 nm at pH 4.3, thereby indicating the a-helical
structure. However, a prominent minimum around 220 nm
was not observed at pH 7.3. Thus, the peptide formed the
helical structure at pH 4.3 and a random structure at pH 7.3,
as in the case of the peptide in solution. The pH titration
curve is also consistent with that of the peptide in solution
(Figure 4b). A similar conformational change was found in
solution and on the liposome. Thus we could obtain a pep-


Figure 3. Analysis of the eluted fraction of a) IZ-E1-St and b) IZ-E3-St
at pH 7.3 (*) and 4.3 (*) using a Sephadex G-50 column. The elution
was performed in a citric acid/phosphoric acid buffer (10 mm) containing
0.1m NaCl at 20 8C. The arrows indicate the eluted position of the stand-
ards, IZ in 10 mm Tris-HCl buffer (trimer) and IZ in 6m guanidine hydro-
chloride solution (monomer).


Figure 4. a) Circular dichroism spectra of W-IZ-E3-St peptide in EggPC
liposome at pH 7.3 (*) and 4.3 (*). b) pH-dependence of W-IZ-E3-St
peptide. Measurement was performed in a citric acid/phosphoric acid
buffer (10 mm) containing 0.1m NaCl using W-IZ-E3-St including EggPC
liposome.
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tide that mimics the conformational change of that of he-
magglutinin on the membrane.


Analysis of the membrane fusion process : To analyze
whether the membrane fusion actually occurs, we first mea-
sured the turbidity of the EggPC solution by monitoring the
absorbance at 600 nm (Figure 5). Without the peptide, the


turbidity was only slightly increased at both pH 7.3 and
pH 4.3. Addition of W-IZ-E3-St to the EggPC solution af-
fects the slight increase in turbidity at pH 7.3. On the other
hand, at pH 4.3, the turbidity was increased by more than
ten times. These results indicated that W-IZ-E3-St has no
effect at pH 7.3, whereas it increased the turbidity of the
EggPC solution at pH 4.3. This result together with the CD
results described before indicates that triple-stranded coiled-
coil formation of W-IZ-E3-St promoted the intervesicular
interactions including fusion or aggregation of the liposome.


The influence of W-IZ-E3-St on liposomal stability and
membrane fusion was also investigated by a leakage experi-
ment of calcein inserted into the membrane.[36] In general,
following membrane fusion, some contents encapsulated in
lipids are released into the medium. SUVs of EggPC con-
taining W-IZ-E3-St and calcein were prepared by the same
method as above, and free calcein molecules were removed
by using gel filtration chromatography. In this study, encap-
sulated calcein is in high concentration (75 mm) where fluo-
rescence is quenched so that an increase in fluorescence
signal corresponds to the release of calcein in compartments
of greater volume where fluorescence is no longer
quenched. Figure 6 demonstrates the results of our calcein
leakage experiments. In the liposome containing W-IZ-E3-
St, a remarkable increase of leakage was observed only at
an acidic pH (pH 4.3). Similar leakage of liposome contents
due to the turbulence of the lipid membranes was observed
in the past using the synthetic polypeptide from influenza
HA protein[29] or coiled-coil peptides.[37] On the other hand,
the control liposomes without the W-IZ-E3-St polypeptide


were not destabilized in either acidic or neutral pH. This
higher activity of the W-IZ-E3-St at an acidic pH is related
to the conformational change of the polypeptide. In other
words, these results indicate that the formation of a coiled-
coil trimer by the polypeptide allows the liposomal phospho-
lipids to interact directly.


Membrane fusion is accompanied by an increase in the
size of the liposome. Hence, variation in the size of the lipo-
some by membrane fusion was studied by using dynamic
light scattering. The measured average sizes for the EggPC
liposome without W-IZ-E3-St just after extrusion were
(113�31) nm (pH 7.3) and (137�38) nm (pH 4.3). For the
liposome containing W-IZ-E3-St, the corresponding values
were (20�36) nm (pH 7.3) and (141�31) nm (pH 4.3)
(Figure 7). In the absence of W-IZ-E3-St, liposome size dis-
tributions were almost constant under both neutral and
acidic pH conditions during a period of 54 h. Furthermore,


Figure 5. Time course for the turbidity analysis of EggPC liposome in the
absence (squares) and presence (circles) of W-IZ-E3-St. The measure-
ments were performed in a citric acid/phosphoric acid buffer (10 mm)


containing 0.1m NaCl at pH 7.3 (open symbols) and 4.3 (closed symbols).


Figure 6. Time course for the calcein release from EggPC liposome in the
absence (squares) and presence (circles) of W-IZ-E3-St. The measure-
ments were performed in a citric acid/phosphoric acid buffer (10 mm)


containing 0.1m NaCl at 20 8C. The peptide concentrations were 40 mm.
In the presence of WI3-IZ-E3-St, the calcein releases are shown at pH 7.3
(open symbols) and 4.3 (closed symbols).


Figure 7. Time course for the variation in the size of the EggPC liposome
in the absence (squares) and presence (circles) of W-IZ-E3-St. The meas-
urements were performed in a citric acid/phosphoric acid buffer (10 mm)


containing 0.1m NaCl at pH 7.3 (open symbols) and 4.3 (closed symbols).


www.chemeurj.org C 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 7343 – 73507346


A. Kashiwada, T. Tanaka et al.



www.chemeurj.org





the polypeptide did not bring a definite change to the lipo-
some size at pH 7.3. On the other hand, the liposome con-
taining W-IZ-E3-St under acidic conditions showed a re-
markable growth in particle size. These results also support-
ed the contribution of W-IZ-E3-St at an acidic pH to inter-
vesicular interactions.


We cannot distinguish between membrane fusion and ag-
gregation of the membrane from the experiments mentioned
above. Therefore, we further analyzed whether membrane
fusion is promoted by the W-IZ-E3-St peptide. It is known
that energy transfer occurs between two fluorescent com-
pounds if they are settled within Fçrster length. We pre-
pared EggPC containing both NBD and rhodamine, and ex-
citation at l=460 nm of NBD gave the fluorescence at
590 nm of rhodamine.[38] It is expected that if membrane
fusion occurs, the concentration of the two fluorophores will
decrease, and, accordingly, the intensity of the fluorescence
at 590 nm will decrease. Actually, upon the addition of poly-
ethylene glycol (PEG) 2000, a well-known promoter of the
membrane fusion,[19] the fluorescence at 590 nm decreased,
which indicated that membrane fusion occurred (data not
shown). Then the EggPC containing W-IZ-E3-St was added
either at pH 7.3 or pH 4.3 (Figure 8a, b). At pH 7.3, the


fluorescence spectrum was almost the same as that without
W-IZ-E3-St, and remained unchanged even after 24 h (Fig-
ure 8b). On the other hand, at pH 4.3, the intensity of the
fluorescence at 590 nm decreased as time passed (Figure 8a),
and this remarkable spectral change was not observed in the
absence of W-IZ-E3-St, which suggests that the polypeptide-
induced membrane fusion did occur. The results reveal that
the membrane tends to aggregate under acidic pH condi-
tions, and the coiled-coil form of W-IZ-E3-St at an acidic
pH plays a critical role in lipid mixing.


In addition, to establish that the results obtained from the
lipid mixing assay do support membrane fusion, a contents
mixing assay was performed to present this system as a
novel model for membrane fusion. Contents mixing was de-
termined by a Tb3+/dipicolinic acid (DPA) assay.[39] This
fusion assay was started with two populations of SUVs, one
(the EggPC liposome containing W-IZ-E3-St) encapsulating
DPA and the other (the bare EggPC liposome) containing
Tb3+ ions. Fusion and mixing of the aqueous contents led to
an increase in fluorescence intensity of the Tb3+/DPA com-
plex. At pH 4.3, a mixing of internal aqueous contents,
shown by the marked increase in fluorescence emission of
the Tb3+/DPA complex, was observed (Figure 9a, b). On the
other hand, the increase of fluorescence intensity due to
contents mixing was not observed at pH 7.3 (Figure 9b). It
appears, then, that membrane fusion observed by a dilution
of fluorescent lipid probes was confirmed by the assay of
contents mixing. The contents mixing assay was conducted
regularly for the purpose of confirming full membrane
fusion.


Proposed mechanism for polypeptide-induced membrane
fusion : Based on the results mentioned above, the designed
polypeptide, W-IZ-E3-St, is able to act as a pH-responsive
membrane activation agent. As shown in Figure 7, a remark-
able increase in vesicle diameters in the presence of the lip-
osome containing W-IZ-E3-St was observed at an acidic pH.
This change in the vesicle size is larger than the value ex-
pected, which is obtained by calculating the fusion of two
vesicles. The results obtained from DLS measurements may
support the membrane aggregation phenomena rather than
the membrane fusion phenomena. However, the results
from the lipid mixing assay (Figure 8) and the contents
mixing assay (Figure 9) strongly support that polypeptide-in-
duced membrane fusion occurs in this system. This polypep-
tide-induced fusion is only observed when W-IZ-E3-St
formed the coiled-coil structure under acidic conditions.


To address the mechanism of the membrane fusion, we
analyzed the Trp fluorescence because the Trp residue is
sensitive to the environment of the indole side chain. The
Trp residue showed fluorescence emission maxima between
327 and 332 nm in a hydrophobic environment and at
354 nm in an aqueous environment.[40] The fluorescence
maxima and intensity of Trp are the same at pH 4.3 and
pH 7.3. We analyzed the fluorescence of the Trp residue
when W-IZ-E3-St was bound to the liposome (Figure 10).
At pH 7.3, where the peptide exhibited a random structure,


Figure 8. Fluorescence spectra of W-IZ-E3-St and NBD-PE/Rh-PE con-
taining liposome at a) pH 4.3 and b) pH 7.3. The measurements were per-
formed in a citric acid/phosphoric acid buffer (10 mm) containing 0.1m


NaCl at 20 8C.
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the fluorescence maximum was 355 nm, which indicates that
the Trp residue was exposed to the hydrophilic environment.
At pH 4.3, where the peptide
exhibited the helical structure,
the fluorescence decreased to
343 nm, which indicates that
Trp was buried in the hydro-
phobic environment. These re-
sults suggest that the peptide
aggregated on the membrane as
well as in the buffer solution,
and the three Trp residues were
more buried in the hydrophobic
position. We speculate the fol-
lowing conformational change
depicted in Scheme 1. The pep-
tide exhibits the extended form
along the liposome surface with
the Lys residues facing toward
the liposome to interact with
the phospholipid, and the Trp
residue is assumed to be buried


in the hydration layer of its own liposome. At pH 4.3, W-IZ-
E3-St forms the coiled-coil structure, and thereby the N-ter-
minal moiety of the liposome-bound polypeptide is allowed


Figure 9. a) Fluorescence spectra of a 1:1 mixture of the liposome con-
taining W-IZ-E3-St encapsulating DPA and the bare liposome encapsu-
lating TbCl3 at pH 4.3. b) Time course for contents mixing assay at
pH 4.3 (*) and 7.3 (*). The measurements were performed in a citric
acid/phosphoric acid buffer (10 mm) containing 0.1m NaCl and 1 mm


EDTA at 20 8C.


Figure 10. Fluorescence spectra of the Trp moiety in a) W-IZ-E3-St and
b) WI3-IZ-E3-St settled in liposome at pH 4.3 and 7.3. The measurements
were performed in a citric acid/phosphoric acid buffer (10 mm) containing
0.1m NaCl at 20 8C.


Scheme 1. Schematic description of the pH-responsive membrane fusion based on our results.
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to escape from the hydration layer and is exposed to the
target membrane. Next, compatibility between the indole
group of the N-terminal Trp residue and phospholipids are
brought into contact with the target membrane. Finally, the
amphiphilicity of the Trp residue leads to the insertion into
the other (target) liposomal membrane. This mechanism is
similar to that of the fusion of the influenza virus into host
cells by using HA.


Improvement of the membrane fusion : The fusion peptide
of HA from influenza has a hydrophobic sequence of about
20 amino acids. Hence, the higher hydrophobicity of the N
terminus of W-IZ-E3-St should promote membrane fusion.
We designed a new candidate. WI3-IZ-E3-St has an even
more hydrophobic Trp-Ile-Ile-Ile sequence at the N termi-
nus (Figure 1). Therefore, WI3-IZ-E3-St seems to be able to
penetrate deep into the target membrane. We analyzed the
membrane fusion by using the same procedures as those car-
ried out with W-IZ-E3-St. Based on calcein leakage and
DLS measurements, WI3-IZ-E3-St-induced membrane
fusion was observed only under acidic conditions, as in the
case of W-IZ-E3-St. Remarkably, the data showed higher
membrane fusion activity of WI3-IZ-E3-St, which inserted
itself into the target more easily. Further blueshift to 337 nm
was observed in the presence of the newly designed lipo-
some containing WI3-IZ-E3-St under acidic conditions (Fig-
ure 10b). Through the WI3-IZ-E3-St-induced membrane
fusion process, the Trp residues are settled in a more hydro-
phobic environment.


It has been reported that membrane fusion occurs within
30 min in the artificial fusion systems.[29,41–43] However, it
took quite a long time in our membrane fusion system. We
can solve this problem by using the sequence of a mem-
brane-binding polypeptide such as Magainin 2. Additionally,
composition of the phospholipids in the liposomal mem-
brane may control fusion behavior. In any case, this system
is very significant because it is the first observed example of
a membrane fusion phenomena driven by pH-responsive
conformational change of de novo designed polypeptides.


Conclusion


The results demonstrated herein indicate that an artificial
membrane fusion system can be constructed on a molecular
level by the use of pH-responsive coiled-coil polypeptides,
which could eventually be extended to a pH-responsive
drug delivery system and gene transfer system. Such pro-
grammable membrane fusion systems further provide an at-
tractive approach to the design and construction of lipid
vesicle arrays.


Experimental Section


Peptide synthesis : All polypeptides used in this study were synthesized
by the solid-phase synthesis method on Rink amide resin using N-Fmoc-


protected a-amino acids (Fmoc=9-fluorenylmethoxycarbonyl), O-(ben-
zotriazol-1-yl)tetramethyluronium hexafluorophosphate (HBTU), and 1-
hydroxybenzotriazole (HOBt). The side-chain protection groups were
Glu ACHTUNGTRENNUNG(OtBu), Lys ACHTUNGTRENNUNG(Boc) (Boc= tert-butoxycarbonyl), and TyrACHTUNGTRENNUNG(tBu). When
stearic acid was attached to the C terminus of peptides, Fmoc-Lys ACHTUNGTRENNUNG(Mtt)
(Mtt=4-methyltrityl) was attached to Rink amide resin using HBTU/
HOBt activation. The Mtt group was removed by 1% trifluoroacetic acid
(TFA) in CH2Cl2 for 30 min. After confirmation of removal of the Mtt
group by a ninhydrin test, stearic acid was condensed to the side-chain
amino group of Lys using HBTU/HOBt. The reaction was confirmed by
a ninhydrin test. Then the amino acid was elongated by using the stan-
dard Fmoc strategy. Deprotection and cleavage were performed by treat-
ment with TFA/ethanedithiol/anisole/ethylmethylsulfide (93:1:3:3 v/v) for
2 h. Purification was carried out by reverse-phase HPLC on a YMC-Pack
ODS-A column (10 mm (i.d.)O250 mm, 5 mm, YMC Inc., Japan) eluted
at 4 cm3min�1 with linear acetonitrile/water gradients containing 0.1%
(v/v) TFA over the course of 30 min. The final products were character-
ized by using analytical HPLC and MALDI-TOF mass spectrometry:
m/z calcd for IZ: 3538; found: 3538; m/z calcd for W-IZ-E3-St: 4118;
found: 4118; m/z calcd for WI3-IZ-E3-St: 4457; found: 4457.


Liposome preparation and introduction of polypeptide : Small unilamellar
vesicles (SUVs) were prepared by evaporation of a solution of EggPC in
chloroform in a round-bottomed flask, followed by hydration in aqueous
buffers (3 mg lipid, 1 cm3). The suspension was submitted to five freeze–
thaw cycles for equilibration. Then the SUVs for this experiment were
prepared by extrusion of the suspension across a 100 nm polycarbonate
unipore membrane (Whatman) twice by using a Mini-Extruder Set
(Avanti). To create EggPC containing the peptide, the W-IZ-E3-St or
WI3-IZ-E3-St (0.15 mg) was added and frozen and thawed. The EggPC
liposome containing the peptide was prepared in the same way as de-
scribed above.


Circular dichroism (CD) measurements : All CD measurements were per-
formed by using a Jasco J-820 spectropolarimeter and a 2 mm path-
length cuvette at 20 8C. The polypeptide concentration was determined
by the absorbance at 275 nm in a guanidine hydrochloride solution
(6m).[44] The mean residue ellipticity, [q], is given in degcm2dmol�1. CD
spectra were obtained in a citric acid/phosphoric acid buffer (10 mm) con-
taining NaCl (0.1m). The effect of the pH on the a-helical content was
determined to monitor [q]222 as a function of pH from 4.3 to 7.3.


Polypeptide-induced leakage of liposomal contents : The SUVs were pre-
pared by the same procedures as described in the liposome preparation
except that calcein (75 mm) was added to the EggPC film. After the
SUVs containing calcein were prepared, free calcein outside of the lipo-
somes was removed by means of Sephadex G-25 gel filtration chromatog-
raphy. Leakage of calcein to the external medium was monitored by the
increase in fluorescence. Fluorescence measurements for these leakage
experiments were carried out by using a HITACHI F-2500 spectrofluor-
ometer with the excitation wavelength at 488 nm.


Turbidity analysis : The turbidity of liposome solutions was analyzed by
using a SHIMADZU UV-2200A spectrophotometer. The turbidity of the
samples was judged from the increment of the absorbance at 600 nm.
The SUVs were prepared by the same procedures as described in the lip-
osome preparation.


Liposome size distribution determination : Dynamic light scattering
(DLS) of liposome suspensions was studied by using an N5 Plus autocor-
relator (Beckman-Coulter) equipped with a 632.8 nm He–Ne laser light
source. Scattering was detected at 15.7, 23.0, 30.2, and 62.68. Particle size
distributions at each angle were calculated from autocorrelation data by
the CONTIN program.[45] The average liposome size was calculated to be
the y intercept at the zero angle of the measured average particle size
values versus sin2q. All buffer solutions used were filtered with a
0.22 mm filter just before liposome preparation. The collection times for
the autocorrelation data were 1–4 min.


Lipid mixing experiments by using fluorescence resonance energy trans-
fer (FRET): The SUVs containing NBD-PE and Rh-PE were prepared
according to the same procedures as described above. The concentrations
of the NBD-PE and Rh-PE were 1 mol% against the EggPC. The mixing
of phospholipids was followed by using the FRET method.[36] In this
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work, we used equal concentrations of unlabeled and labeled vesicles di-
luted into a buffer solution at the appropriate pH, and monitored the
fluorescence of 533 nm from NBD (donor) and 590 nm of Rhodamine
(Rh) (acceptor). Experimental data were acquired by the use of a HITA-
CHI F-2500 spectrofluorometer.


Fusion assay by contents mixing : EggPC liposomes containing DPA
(50 mm) and containing TbCl3 (5 mm) were prepared and untrapped
probes were removed by using Sephadex G-25 gel filtration chromatogra-
phy equilibrated with assay buffer (10 mm citric acid/phosphoric acid
buffer containing 0.1m NaCl and 1 mm EDTA). Vesicle fusion resulted in
the formation of the fluorescent Tb3+/DPA complexes. Fluorescence of
the complexes is detected at 493 nm with excitation at 276 nm. The fluo-
rescence measurements for contents mixing experiments were carried out
by using a HITACHI F-2500 spectrofluorometer.


Tryptophan fluorescence spectroscopy : Tryptophan fluorescence meas-
urements were carried out at 20 8C by using a HITACHI F-2500 spectro-
fluorometer with the excitation wavelength at 278 nm.
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Microsolvation Effects on the Optical Properties of Crystal Violet
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Introduction


Crystal violet, the tris[p-(dimethylamino)phenyl]methyl
cation, has been the subject of interest in various fields of
science. For biologists, crystal violet is an important reactant
to test whether bacteria are Gram-positive or -negative.[1–3]


It is also a mutagen. For chemists, it is one of the most
stable carbocations in aqueous solvents,[4] and is used as an
organic dye for industrial applications.[5] For physicists, it
can be used as a fluorescent tracer[6] or an octopolar mole-
cule with a large first hyperpolarizability.[7–9] These remark-
able optical properties have made this dye a prime candi-
date for nonlinear optical experiments,[10–12] near-field spec-
troscopy,[13] and single-molecule measurements.[14] The spe-
cificity of the electronic structure of crystal violet is due to
its D3 symmetry. Crystal violet has a propeller shape with


three blades, and a zero electric dipole moment (see
Figure 1).


This symmetry of crystal violet has been confirmed in
crystalline form by using X-ray diffraction;[15] and in solution
by using Raman spectroscopy,[16] magnetic circular dichro-
ism,[17] hyper-Rayleigh scattering,[18] and electronic structure
calculations.[18–21] In the hydrate crystal CV+Cl�·9H2O, in
which CV+ denotes crystal violet, the three dihedral angles
between each aryl ring and the central carbon plane (q1, q2,
and q3) are approximately 288.


[16] In the D3 group, visible-
light excitation should induce a single transition from a non-
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Figure 1. Geometry of CV+ in a vacuum optimized by using DFT
(B3LYP/6-31+G*) calculations. See the Experimental and Theoretical
Section for details.
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degenerate S0 ground state to a doubly degenerate S1 state.
However, experimental spectra of crystal violet in either
crystalline form or solution reveal two closely spaced bands
at l=600 nm. This feature is common to many substituted
or unsubstituted triphenylmethyl cations.[19]


In the crystal, the presence of the counterions very close
to crystal violet creates a high electric field that lifts the de-
generacy of the S1 excited state and could explain the dou-
bling of the band.[16] In solution, ion pairing (in solvent with
e<10) and aggregation (in solvent with e>10 and high dye
concentration) also strongly influence the position and rela-
tive intensities of the two bands.[22,23] However, in the case
of a dilute solution of crystal violet in water or methanol,
counterion association or aggregation cannot be involved in
symmetry breaking, yet the two bands remain. This has
been a subject of debate since 1942, when Lewis and co-
workers proposed the equilibrium between two rotational
isomers in alcohol.[24] Today, this explanation has been inva-
lidated[19] and other origins have been mentioned: 1) resolu-
tion of vibronic structures coming from a single electronic
transition,[25] 2) symmetry breaking due to the interaction
with the solvent,[19,23] 3) the existence of two isomers or two
ground states in solution.[26] The first phenomenon would
also be visible for isolated crystal violet, whereas the other
two, which are due to a lowering of the symmetry resulting
from intermolecular interactions, appear only if crystal
violet is solvated or forms a complex with other molecules
or ions. It is generally accepted that complexes between tri-
phenylmethane dyes and a polar solvent like water or meth-
anol possibly exist, however some controversy remains
about the structure and optical properties of the complexes.
McHale and co-workers argued that a dipolar solvent or
counterions would lift the S1 degeneracy without any change
in the molecule geometry.[27] Maruyama and co-workers
argued that the solvent would lift the D3 symmetry of the
ground state by pulling the central carbon atom out of the
molecular plane.[26]


Herein, we report a joint experimental and theoretical in-
vestigation of the optical properties of isolated and micro-
solvated crystal violet cations. Isolated crystal violet displays
one absorption band. A broader band with a shoulder, simi-
lar to that observed in solution, is measured for crystal
violet microsolvated with a single water molecule.


Results and Discussion


Theoretical results for the UV-visible absorption of isolated
crystal violet are first discussed and compared to the experi-
mental photodissociation data. Then, the influence of the
microsolvation with a single water molecule is discussed,
using both theoretical and experimental investigations.


Crystal violet in the gas phase : The optimized geometry ob-
tained for isolated crystal violet respects the D3 symmetry
group. The three dihedral angles between each aryl ring and
the central carbon plane (q) are close to 328 for all the func-


tionals that were tested (B3LYP, BP, M05-2X). As expected
from the chemical reactivity of the carbocation, the two de-
generate HOMO orbitals of e symmetry (noted ex and ey)
are delocalized on the aryl group with a substantial contri-
bution on the nitrogen substituents, whereas the LUMO or-
bital of a2 symmetry is delocalized on the aryl group with a
substantial contribution on the central carbon (see
Figure 2).


Using the B3LYP-optimized geometry, TD-DFT-BP/
ALDA (respectively SAOP/ALDA) calculations in the D3


symmetry group predict two degenerate vertical excitations
at 2.28 eV (respectively 2.33 eV) with an oscillator strength
(f) of 0.56 (for both functionals). These excitations corre-
spond to the S0!S1 electronic transition. The small energy
difference obtained with the two functionals indicates that
the long-range part of the SAOP functional almost cancels
out in the present case, which is not obvious for such a con-
jugated cation with donor substituents. The two excitations
are dominated by the two possible HOMO!LUMO transi-
tions (the contribution of either ex!a2 or ey!a2 is more
than 99%). The states obtained through the ex!a2 and ey!
a2 transitions are denoted S1B and S1A, respectively (see
Figure 2). Note that the following S0!S2 electronic transi-
tion energy is predicted to be at 3.90 eV, so this transition
can certainly not explain the observed shoulder in the solu-
tion absorption spectrum.
A resolution of vibronic structures was suggested as an


explanation for the shoulder in the spectra of crystal violet
and also for the similar cation trioxatriangulenium
(TOTA).[28] Since the excited-state electronic configuration
e3a2


1 includes partially filled degenerate orbitals, some Jahn–
Teller effect is expected. To test this idea, we optimized the


Figure 2. Top: electronic configurations for the S0, S1A, and S1B states (S1A
and S1B states are degenerate in D3 symmetry and nondegenerate in C2v
symmetry). Bottom: a) LUMO, b) HOMO(x), and c) HOMO(y) of CV+


calculated with B3LYP/6-31+G* in the D3 symmetry group (dark and
light gray shading show the different signs of the lobes).
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geometry of the excited singlet states (S1A and S1B) under
the constraint of C2v symmetry (with the principal axis along
a bond between the central carbon atom and one of its
three neighboring carbon atoms). As expected, deforma-
tions lower the energies of the S1A and S1B excited states. It
was found that the two excited states relax toward two dif-
ferent geometries noted A and B. The respective deforma-
tions relative to the ground-state D3 geometry, denoted DRA
and DRB, involve 90 different vibrational modes, among
which the antisymmetric change of the dihedral angles q is a
major component: for geometry B, Dq1=Dq2=++68 and
Dq3=�108 ; whereas for geometry A, Dq1=Dq2=++1.58 and
Dq3��0.58. Figure 3 shows the energy variations of the S0


and S1 states as a function of the geometry of the molecule.
The abscissa axes (qA and qB) are coordinates for linear
transformations of the ground-state optimum geometry
(noted D3) toward the excited-states optimal geometries
(either A or B). The Jahn–Teller effect slightly stabilizes the
S1A state along the qA coordinate. The vertical transition
energy toward this minimum is 2.23 eV. For the S1B state,
the stabilization along the qB coordinate is more pronounced
and the vertical transition energy toward this minimum is
2.10 eV.
The calculated vibronic absorption spectrum of the S0!S1


transition at 0 K is plotted in Figure 4, with contributions
from the S0!S1A and S0!S1B transitions labeled as A and
B, respectively. A single but asymmetric peak at l=555 nm
is observed. The effect of ambient temperature on the spec-
trum would a priori not change this conclusion. A peak at
l=590 nm or higher would only be expected if the S0!S1B
vertical transitions around the B geometry were observable,
which would require high temperatures (for the B geometry,


the ground-state energy relative to the 0th vibration level is
about 90 meV�1000 K, see Figure 3).
The experimental photodissociation spectrum for isolated


crystal violet is shown in Figure 4. It displays a single ab-
sorption band centered around l=550 nm. The calculated
vibronic absorption spectrum for isolated crystal violet is in
close agreement with the experimental photodissociation
spectrum. As a comparison, the absorption spectrum of crys-
tal violet in solution is also shown in Figure 4. This spectrum
is much broader. It exhibits a shoulder pattern, composed of
two bands. We used a two Gaussian band fit to extract the
spectral characteristics of the absorption spectrum of crystal
violet. The best-fit leads to a characteristic band centered on
l=587 nm and a weaker band at 539 nm (see the Support-
ing Information) with a full-width at half-maximum
(FWHM) of 51.5 nm. The absorption band for isolated crys-
tal violet is significantly narrower than that of the solution
absorption spectrum (FWHM�50 nm). Furthermore, this
band lies at the position of the smaller band of the solution
spectrum, not at the position of the characteristic peak.
Both the calculated vibronic absorption spectrum and pho-
todissociation data definitely exclude the theory that the
resolution of vibronic structures accounts for the observed
shoulder in the solution absorption spectra of crystal violet.
As a conclusion, the experimental photodissociation spec-


trum of crystal violet without a shoulder is reported herein
for the first time and is characteristic of an unsolvated envi-
ronment. Our calculations show that the spectrum of unsol-
vated crystal violet should appear as a single, narrow S0–S1
peak; this has now been confirmed experimentally (see
below).


CV+–H2O complex in the gas phase : Since the spectrum of
isolated crystal violet shows a single peak, the shoulder pat-
tern observed for crystal violet dissolved in water or metha-
nol must be triggered by the interaction of crystal violet
with its environment. The experimental photodissociation


Figure 3. Plots of the total energy variations of the ground and two first
excited singlet states as a function of the geometry of the molecule. The
abscissa axes (qA and qB) are coordinates linearly transforming the
ground-state optimum geometry (noted D3) toward the excited-states op-
timal geometries (either A or B). For each geometry, the ground-state
energies are given by (BP/ATZ2P) calculations and the excited-states en-
ergies are obtained with the addition of the TD-DFT (BP/ALDA/
ATZ2P) transition energies to the ground-state energies. Note that there
are two different zeros on the ordinate axes (for the ground state and for
the excited states).


Figure 4. Experimental fragmentation yield of isolated CV+ (~) and nor-
malized absorbance of CV+ in solution (c) (4.7 mm CV+ in H2O/
CH3OH 60:40 (v/v) with 1% (v/v) of acetic acid). Calculated vibronic ab-
sorption spectrum (c) (each Franck–Condon factor was enlarged by a
gaussian of width 0.05 eV). The contributions of the two HOMO!
LUMO transitions (either HOMO(x)!LUMO or HOMO(y)!LUMO
labeled B and A, respectively) are also plotted (a).
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cross section as a function of the excitation wavelength of
the laser for the CV+–H2O complex is shown in Figure 5.
The interaction of crystal violet with one single water mole-


cule shifts the maximum of the absorption band from 555 to
580 nm (i.e. , from 2.24 to 2.14 eV). Therefore, the absorp-
tion peak of the CV+–H2O complex closely approaches the
position of the maximum of the absorption band in solution
(587 nm, that is, 2.11 eV). The interaction with water also
broadens the main peak. Such broadening may arise from
the presence of different isomers.
McHale and co-workers (INDO/S)[19] supported the idea


that a polar molecule like methanol or water could break
the symmetry without modifying the crystal violet geometry.
They modeled the effect of solvent near another triphenyl-
methane cation, parafuchsine, by approaching it with a
dipole moment or a charge. The position of this charge was
arbitrarily chosen either above the central carbon atom or
above one of the amino groups. A dipole of 1.4 D at a dis-
tance of 1.5 O above the amino group would lift the degen-
eracy in qualitative agreement with the spectra of parafuch-
sine in methanol. Unfortunately, the dispersion interactions
between the solvent and crystal violet, and the optical exci-
tations were not precisely described by the methods used.
New DFT functionals developed recently enabled us to pro-
pose enhanced insight into the geometries and optical signa-
tures of CV+–H2O complexes. Starting from various initial
states (including the states proposed by the groups of Mar-
uyama and Lueck),[19,26] we optimized a representative
sample of complex structures (see Figures 6 and 7). The
total energies of the complexes relative to the isolated mole-
cules and their transition energies are reported in Table 1.
In geometry 1, the water molecule is located above the


central carbocation (see Figures 6 and 7). This geometry
does not correspond to a local energy minimum: despite a
large sampling of initial geometries, water did not bind to
the central carbon atom during the energy minimization
procedures. Starting with water attacking the central carbon


atom with various distances and
orientations, the complex
always converged toward geom-
etry 2, in which the water mole-
cule interacts with two different
aryl rings. The total energy of
the CV+–H2O complex was
therefore calculated in a re-
duced space with two varying
parameters (d, a), in which d is
the distance between the
oxygen atom of the water mole-


Figure 5. Plots of the experimental photodissociation cross sections as a
function of the wavelength of the excitation laser for isolated CV+ (~)
and CV+–H2O complex (&), superimposed with the normalized absorb-
ance of CV+ in solution (4.7 mm CV+ in H2O/CH3OH 60:40 (v/v) with
1% (v/v) of acetic acid) (c). Figure 6. Geometries of four CV+–H2O complex structures. Hydrogen


atoms are in white, nitrogen atoms in dark gray, and carbon atoms in
gray. Only relevant parts of CV+ are shown. F=aryl groups. Distances
are given in Ongstrom.


Figure 7. Some distances and
angles defining the CV+–H2O
complex in geometry 1.


Table 1. Total energies (Q-chem3.1: M05-2X/6-31+G*) and transition en-
ergies (ADF2006: BP/ALDA/QZ4P) of the geometries of the CV+–H2O
complexes illustrated in Figure 6. The energy reference (isolated CV+ +


isolated H2O) is �1211.0671 Eh. The xyz files are available in the Sup-
porting Information.


Total energy Transitions [eV] and
differences [meV] oscillator strengths[a]


isolated CV+ + isolated H2O 0 2.321 (0.56)[b]


2.326 (0.56)[b]


geometry 1 �223 2.300 (0.54)
2.343 (0.55)


geometry 2 �272 2.318 (0.60)
2.320 (0.54)


geometry 3 �255 2.311 (0.57)
2.321 (0.55)


geometry 4 �280 2.318 (0.60)
2.320 (0.54)


[a] In parentheses. [b] CV+ geometry was optimized in C1 symmetry
group, so the two values are not exactly degenerate.
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cule and the central carbon atom, and a is the angle be-
tween the C3 axis and one of the C�C bonds (see Figure 7,
in which b was fixed to 0). In this constrained space, an
energy minimum was found for a distance between the
oxygen atom of the water molecule and the central carbon
atom of 3.19 O, and a planar geometry around the central
carbon atom (a =90.58). A similar planar geometry was also
obtained as a local energy minimum for the CV+–MeOH
complex (see the Supporting Information).
In geometry 2, one hydrogen atom of water interacts with


the aromatic electronic cloud of one aryl ring at a distance
of 2.6 O, which is typical for an aromatic p–H interaction.[29]


The oxygen atom of water interacts with a lateral hydrogen
atom of a neighboring ring at a distance close to 2.23 O,
which is within the range reported for C6H6


+/H2O com-
plexes (2.1–2.6 O).[30] Among the other local energy minima,
water was found to bind to the hydrogen atoms of the aryl
groups (geometry 3), or to the dimethylamino substituents
(geometry 4). The attack of water towards the nitrogen
atom, starting from several initial orientations, was unfavor-
able and converged toward geometry 2. At ambient temper-
ature (kBT�30 meV), one cannot exclude contributions
from a mixture of different geometries, and deformation
due to vibrations, in the ion trap. In solution, several of
these binding sites could be occupied simultaneously.
For geometries 2 and 4, the effect of water microsolvation


on the transition energies is negligible. For geometry 3, a
small redshift is observed for one transition (10 meV). For
geometry 1, the splitting (43 meV) obtained at 0 K is small-
er, but of the order of magnitude of the splitting observed
experimentally. Obviously, other geometries may be respon-
sible for the shoulder and for the broadening, which we
could not find because of the limitations of geometry sam-
pling. Nevertheless, it seems clear that a weak electrostatic
interaction with the central carbocation contributes to the
observed shift. Note that shifts in the S0–S1 band origin of
the 1:1 water complexes of various phenols were observed
and were correlated to changes in the charge on the phenol-
ic oxygen atom.[31] In these complexes, the redshift is due to
the electron-donating property of the water. For CV+–H2O
complexes, water binding to the central carbon atom would
be responsible for the observed shift.
To summarize, our theoretical investigation of CV+–H2O


complexes indicates that water does not bind exclusively to
the central carbon atom of crystal violet, but also to the ex-
ternal dimethylamino groups or to the aryl rings. Neverthe-
less, the binding to the central carbon atom seems to be
mainly responsible for the broadening observed during mi-
crosolvation. Interactions with the central part of crystal
violet may be at the origin of the shoulder in the absorption
spectra of various substituted triphenylmethyl cations.


Conclusion


We have presented an experimental and theoretical work on
the optical properties of crystal violet, both unsolvated and


in interaction with a single water molecule. Experimentally,
we first showed that unsolvated crystal violet presents a
simple photodissociation spectrum with a single band, with-
out the shoulder pattern observed in the absorption spectra
of crystal violet in aqueous solution. This definitely demon-
strates that the shoulder observed for crystal violet in solu-
tion is due to the environment. We made use of DFT and
TD-DFT methods to study the ground state and the first
doubly degenerate excited states. The calculated 0 K absorp-
tion spectra using the Franck–Condon approximation agrees
well with the experimental photodissociation spectrum. A
single peak is observed; that is, the Jahn–Teller effect of the
excited states is not observable within the resolution used.
Additionally, we have been able to isolate CV+–H2O


complexes in the gas phase. The experimental photodissoci-
ation spectrum of the CV+–H2O complex clearly shows that
microsolvation redshifts and broadens the absorption spec-
trum of crystal violet, so that the position of the absorption
peak closely approaches the position of the solution peak.
By using theoretical calculations, we have investigated a
range of possible complex geometries and their optical sig-
nature. The interaction of the solvent molecule with the cen-
tral carbon atom of crystal violet may be responsible for the
observed broadening of spectra in solution. In conclusion,
this study shows that the intrinsic spectrum of crystal violet
presents a single band and that the shoulder observed in so-
lution is due to the environment. The main contributors to
the effect of the interaction with the solvent are obtained at
the very early stage of microsolvation.


Experimental and Theoretical Section


Electronic structure calculations


Ground state: electronic structure, geometry, and vibrational modes : The
electronic structure calculations have been performed using DFT. The
optimized geometry of crystal violet in a vacuum in the ground state has
been obtained by the Gaussian 03 program[32] using the 6-31+G* basis
set[33,34] and the B3LYP functional.[35,36] The vibrational frequencies and
modes have been obtained analytically using Gaussian 03 with B3LYP/6-
31G parameters.


For the computation of the energies of CV+–H2O complexes, which in-
volve dispersion forces, the functional M05-2X,[37] as implemented in
Qchem3.1, has been used with the 6-31+G* basis set. This hybrid meta-
GGA functional has been designed for the study of noncovalent interac-
tions and has proved successful in determining the geometries of com-
plexes involving a water molecule and a conjugated organic molecule
like benzene.[38] Geometries 2, 3, and 4 were optimized without constraint
with Q-chem3.1 (M05-2X/6-31+G*) using default convergence parame-
ters. Geometry 1 was chosen along an optimization path starting from a
configuration in which water attacks the central carbon atom of crystal
violet at a point close to a saddle point (gradient and energy change
smaller than 10�5).


Singlet excited states : The calculation of the excited singlet states has
been determined with TD-DFT as implemented in the Amsterdam Den-
sity Functional program (ADF,[39] 2006). The exchange and correlation
kernel is the adiabatic linear density approximation (ALDA).[40] We com-
pare results obtained with the exchange by Becke and the correlation by
Perdew (BP), and with the statistical average of orbital potential (SAOP)
functional.[41] The latter has correct asymptotic behavior proportional to
�1/r when r tends to infinity (r is the distance between two charges), and
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has shown to be well adapted for the calculation of excited energies of
small organic molecules. Basis-set convergence was tested using Slater-
type basis sets of increasing precision from the ADF library (DZ, DZP,
TZ2P, ATZ2P, ET-pVQZ, and ZORA-4Q4P).[42,43] The largest basis set,
ZORA-QZ4P, is a triple-zeta core and quadruple-zeta valence, with four
polarization functions (2d and 2f functions for C and N; 2p and 2d for
H) and can be considered as a very safe option for basis-set limit calcula-
tions. The transition energies obtained with basis set ATZ2P or larger
converged within a range of 5 meV, and the oscillation strengths (f) con-
verged within a range of 0.005. The HOMO–LUMO transition energies
converged within 1 meV for a projection on at least the 20 lowest singlet
excitations. This TD-DFT approach was first tested for a sample of nine
octopolar cations similar to crystal violet (see the Supporting Informa-
tion). The theoretical transition energies in a vacuum differed from the
experimental ones (in solution) by less than 10%. This error is accepta-
ble and in the range of what was published recently in a PCM-TD-DFT
(PCM: polarizable continuum model) study of a large family of triphe-
nylmethane derivatives including solvent effects.[44] A validation of the
approach is also provided by the good agreement of the transition ener-
gies with the experimental photodissociation spectrum of isolated crystal
violet presented in the Results and Discussion section of this paper.


Geometry optimization of the two singlet excited states (S1A and S1B): The
geometries of the A and B excited states were optimized using a DFT ap-
proach (BP/ATZ2P) in which fractional occupation numbers of the orbi-
tals are imposed and constrained during the optimization procedure.
These occupation numbers describing the excited state are obtained from
the decomposition of the S0!S1A and S0!S1B transitions of TD-DFT cal-
culations. The two excited-state geometries noted A and B correspond to
two deformations relative to the ground-state D3 geometry noted DRA
and DRB.


Vibronic resolution for isolated crystal violet : To take into account both
electronic and vibrational states, the general expansion of the total wave
function yi,n ACHTUNGTRENNUNG(r,R) is expressed within the adiabatic Born–Oppenheimer
approximation [Eq. (1)]:


yi,nðr,RÞ ¼ Fi,nðr,RÞ � cðiÞn ðRÞ ð1Þ


in which Fi,n ACHTUNGTRENNUNG(r,R) is the ith electronic state wave function, and r and R
denote electronic and nuclear coordinates, respectively. In the harmonic
approximation used here, the nuclear wave function cðiÞn (R) is a product
of wave functions of harmonic vibration modes denoted n= (n1, n2, n3, …)
with �ni=N. We considered only the 0!n vibronic transition moment
from the ground-state electronic state i to the final excited state
f hyi,0 ACHTUNGTRENNUNG(r,R) jm jyf,n ACHTUNGTRENNUNG(r,R)i within the Franck–Condon approximation. The vi-
bronic transition moment can therefore be reduced to the product of the
electronic dipole transition moment at the equilibrium geometry of the
ground state with the vibrational overlap integral hcðiÞ0 (R) jcðf Þn (R)i. As the
absorption and fluorescence spectra of crystal violet respect a mirror
symmetry, the harmonic vibrational modes of the excited states cðf Þn (R)
were supposed to be the same as the one calculated for the ground state
cðiÞn (R) centered on the excited-state geometries; for example, for the S1A
excited state cðf Þn (R)= cðiÞn ACHTUNGTRENNUNG(R�DRA).


[19,24] The calculation of Franck–
Condon coefficients has been done with a program developed locally
(MULTIFC).[45] For the A state, the geometry of which is close to the
ground-state geometry, the calculation of about 3000 factors is sufficient
to obtain a complete projection of the vibrational initial state.


X
n


jhcðiÞ0 ðRÞjcðf Þn ðRÞij2 > 0:99 ð2Þ


For the B state, whose geometry is very different from the ground-state
geometry, the Franck–Condon factors are all tiny and the complete pro-
jection exceeds our computational resources. To reduce the computation-
al cost, we projected the deformation DRB on the 158 vibrational modes
and eliminated 71 modes of negligible amplitude in the calculation. The
number of Franck–Condon factors to be calculated was greatly reduced,
while conserving an optimized projection on the vibrational modes. The
projection of the 1010 biggest factors thus increased to


X
n


jhcðiÞ0 ðRÞjcðf Þn ðRÞij2 ffi 0:83 ð3Þ


The absorption spectra have been obtained in the frequency (n) range,
by summing the normalized contribution of all the Franck–Condon fac-
tors convoluted with a gaussian Dn =0.005 eV wide defined by


X
n


jhcðiÞ0 ðRÞjcðf Þn ðRÞij2exp
�
�ðn�EnÞ2


Dn2


�
ð4Þ


in which En is the energy associated with the mode n.


Photodissociation experiments : Photodissociation experiments were per-
formed using a modified commercial ion trap mass spectrometer (LCQ
DUO with the MSn option, Thermo Electron, San Jose, CA, USA)
equipped with an on-axis electrospray source.[46–48] The ring electrode of
the quadrupole ion trap was drilled to allow introduction of a laser
beam. The laser used was a nanosecond frequency-doubled tunable Pan-
ther OPO laser pumped by a PowerLite 8000 Nd3+ :YAG laser (both
from Continuum, Santa Clara, CA, USA) operated at a repetition rate of
20 Hz. Before entering the trap, the laser beam was collimated with three
3 mm diameter pinholes and went through a mechanical shutter that was
electronically synchronized to the mass spectrometer.


Crystal violet was purchased from Sigma-Aldrich and dissolved at a con-
centration of 4.7 mm in H2O/CH3OH 60:40 (v/v); 1% (v/v) of acetic acid
was added to the solution. Different settings for the LCQ mass spectrom-
eter were used for the unsolvated crystal violet and for the CV+–H2O
complex cations. For unsolvated crystal violet cations, the electrospray
needle voltage was adjusted to �4 kV, and the spray was stabilized with a
sheath gas pressure of 50 psi. The sample was introduced at 5 mLmin�1.
The capillary interface was heated to a temperature of 250 8C. For crystal
violet cations with one water molecule, the electrospray needle voltage
was adjusted to �3 kV, and the spray was stabilized with a sheath gas
pressure of 30 psi. The sample was introduced at 25 mLmin�1. The capilla-
ry interface was maintained at room temperature.


At each laser wavelength, the ions were first isolated in the trap and then
irradiated with the laser for 2 s (40 laser pulses). The ions were finally
ejected from the trap and the resulting mass spectrum was recorded in
the m/z 100 to 400 range. For the isolated crystal violet and the CV+–
H2O complex cations, the main observed photofragments correspond to
the loss of CH4 and of one of the three blades (C6H5N ACHTUNGTRENNUNG(CH3)2) (see the
Supporting Information). Photofragmentation branching ratios do not
depend on the laser wavelength and are similar to those obtained after
collisional activation. Experiments performed as a function of the laser
power show that photofragmentation is a one-photon process (see the
Supporting Information). The photodissociation cross section was ob-
tained by recording mass spectra at each wavelength from 430 to 640 nm
by steps of 5 nm. The laser fluence injected in the trap was recorded
before injection in the trap and kept below 1000 mJpulse�1. The cross sec-
tion s was determined by Equation(5):


s ¼ 1
F
ln
�
parentþ


P
products


parent


�
ð5Þ


in which F is the laser fluence, “parent” is the intensity of the parent
peak, and “�products” is the sum of the intensity of all the observed
photofragment peaks.


UV-visible spectra in solution were recorded by using an AvaSpec-2048
fiber optic spectrometer, an AvaLight-DH-S deuterium–halogen light
source, and a UV/Vis cuvette (Avantes, Eerbeek Netherlands).
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Improved Photocontrol of a-Chymotrypsin Activity: Peptidomimetic
Trifluoromethylketone Photoswitch Enzyme Inhibitors


David Pearson,[b] Nathan Alexander,[b] and Andrew D. Abell*[a, b]


Introduction


A number of important biological processes can be optically
controlled by incorporation of photochromic molecular
switches into biomolecules or biological ligands.[1–5] This bio-
logical photoswitching has potential applications in ad-
vanced technologies such as reversible biosensors, photoacti-
vated medicines and molecular devices. We[1,2] and others[4]


have developed a range of photoswitch inhibitors of the
serine protease a-chymotrypsin containing the photochro-
mic azobenzene group. UV-visible irradiation of these inhib-
itors induces E–Z photoisomerisation of the azobenzene
group, which results in a reversible change in inhibitor struc-
ture and hence enzyme affinity. For example, previously re-
ported photoswitch inhibitor a-ketoester 1 exhibits greater
activity as the Z-enriched state that results from UV irradia-
tion (inhibition constant, Ki, of 40 nm, compared with 80 nm
for the E-enriched state).[1] Boronate ester 2 was prepared
in an attempt to increase the extent of photoswitching, but


gave only semireversible photoswitching due to decomposi-
tion on irradiation with UV-visible light.[2]


The present study reports synthesis, enzyme assay and
photoisomerisation studies of trifluoromethylketone-based
photoswitch enzyme inhibitors 3–9. Compounds 3 and 4 are
based on previously reported inhibitors 1 and 2, respectively,
but with an alternative trifluoromethylketone inhibitory
group. This “warhead” is known to give potent inhibitors of
a-chymotrypsin, but is as yet unstudied with regards to pho-
toswitching, aside from a preliminary communication.[6]


Compounds 5–9 contain a sulfonamide linker, rather than
an amide, to provide improved stability towards enzyme-cat-
alysed hydrolysis. In addition, a halide substituent was in-
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and exhibit up to a fivefold increase in activity on UV irradiation. Visible irradia-
tion returns activity to close to that of the original sample. These results suggest
the trifluoromethylketone group to be the best electrophilic enzyme binding group
for use in photoswitch inhibitors of a-chymotrypsin.


[a] Prof. A. D. Abell
School of Chemistry and Physics
The University of Adelaide
Adelaide, SA 5005 (Australia)
Fax: (+61)8-8303-4380
E-mail : andrew.abell@adelaide.edu.au


[b] Dr. D. Pearson, Dr. N. Alexander, Prof. A. D. Abell
Department of Chemistry
University of Canterbury
Christchurch (New Zealand)


Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200800082.


= 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 7358 – 73657358







cluded in compounds 6–9 to increase the effective size of
the photoswitch group and to provide a point for further
structural elaboration by means of Pd-catalysed coupling re-
actions. It was anticipated that an increase in effective size
of the photoswitch group would enhance enzyme photo-
switching, due to a greater difference in structure and shape
of the E and Z isomers. Furthermore, it was of interest to in-
vestigate the properties of photoswitch inhibitors containing
3’- and 4’-substituted azobenzene groups because related
linker groups are required for the surface attachment of
photoswitch inhibitors.[6] The substituents and substitution
positions of these compounds were varied to investigate re-
lationships between structure, activity and photoswitching,
particularly the effect of molecular structure on the relative
change in activity on photoisomerisation. Reported herein is
the synthesis and assay of compounds 3–9 against a-chymo-
trypsin in the following forms: as the stable E isomer, as a
Z-enriched photostationary state (PSS) resulting from UV
irradiation and as an E-enriched PSS resulting from visible
irradiation. Racemic samples of inhibitor are used for ease
of synthesis and, given that one enantiomer is invariably sig-
nificantly more active, to allow comparisons to be made.[2]


Results and Discussion


Trifluoromethylketones 3 and 4 were synthesised as racemic
mixtures in a similar manner to the known inhibitors 1 and


2, respectively. The monosubstituted azobenzene 3 was pre-
pared by coupling carboxylic acid 10[7,8] to racemic 11a[9]


using (benzotriazol-1-yloxy)tris(dimethylamino)phosphoni-
um hexafluorophosphate (BOP) to give 12, followed by oxi-
dation with 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)
to give 3 in a yield of 87% (Scheme 1). The disubstituted
azobenzene 4 was prepared by coupling carboxylic acid 13[2]


to racemic 11b[9] using N-(3-dimethylaminopropyl)-N’-ethyl-
carbodiimide hydrochloride (EDCI) to give 14, followed by
oxidation with Dess–Martin periodinane to give 4
(Scheme 2).


Racemic sulfonamide 5 was prepared by coupling azoben-
zenesulfonyl chloride 15 to racemic 11a to give sulfonamide
16, followed by oxidation using TEMPO to give ketone 5 in
a yield of 80% (Scheme 3).
The 4-sulfonyl azobenzenes 6 and 7 (Scheme 4) and 3-sul-


fonyl azobenzenes 8 and 9 (Scheme 5) were synthesised
using an alternative approach. This involved coupling of rac-
emic 11a to an aryl amine, followed by condensation with a


Scheme 1. Synthesis of 3 (DIEA: N,N-diisopropylethylamine).


Scheme 2. Synthesis of 4.
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nitrosobenzene to form the azobenzene moiety and oxida-
tion to give the trifluoromethylketone. In particular, com-
pounds 6 and 7 were prepared by coupling of 4-nitrosulfonyl
chloride 17 to 11a to give sulfonamide 18, catalytic reduc-
tion to 19, condensation with nitrosobenzenes 20[10,11] and
21[12,13] to give the azobenzenes 22 and 23, respectively, and
finally oxidation using TEMPO to give ketones 6 and 7, re-
spectively. Compounds 8 and 9 were similarly prepared,
using 3-nitrosulfonyl chloride 24 as starting material instead
of 17. All trifluoromethylketones were characterised as hy-
drates by using NMR spectroscopy in acetone containing
5% D2O (see the Experimental Section for details).
Next, azobenzenes 3–9 were photoisomerised by UV-visi-


ble irradiation. A solution of each compound was irradiated
with UV light (l=320–380 nm) to give the Z-enriched PSS
(see Table 1 for E/Z compositions). The Z-enriched solu-


tions were then irradiated with visible light (l>360 nm) to
give the E-enriched PSS (see Table 1). 1H NMR spectrosco-
py was used to determine the E/Z compositions of samples
obtained from these irradiations. In all cases, the azoben-
zenes were initially (after synthesis and storage in the dark)
predominantly present as the E isomer. After UV irradia-
tion, compositions ranging from 68 to 93% Z isomer were
obtained (see Table 1). Visible irradiation gave PSS compo-
sitions of 12 to 20% Z isomer.
The practical application of azobenzene photoswitches of


the type presented herein requires consideration of two dif-
ferent approaches to photoswitching:


1) UV photoisomerisation of a purified E isomer to a Z-en-
riched PSS. This approach normally produces the largest
possible increase in the proportion of Z isomer, and
hence the largest change of activity on photoswitching,
since the starting E isomer can be obtained in a relative-
ly pure state (often <5% Z by chromatography or ther-
mal isomerisation in the dark). However, this approach
is not fully reversible over a short time period because


Scheme 3. Synthesis of 5.


Scheme 4. Synthesis of 6 and 7.


Scheme 5. Synthesis of 8 and 9.


Table 1. E/Z compositions of azobenzenes 3–9 before and after irradia-
tions.


Cmpd %Z isomer
before
irradiation


%Z isomer
after UV
irradiation


%Z isomer
after visible
irradiation


Decrease in
Z isomer after
visible irradiation


3 <5 78 18 4.3-fold
4 <5 93 16 5.8-fold
5 <5 68 17 4.0-fold
6 7 77 14 5.5-fold
7 11 90 20 4.5-fold
8 8 89 18 4.9-fold
9 <5 86 12 7.2-fold
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visible irradiation does not usually fully reconvert the Z
isomer to the E isomer. Over a longer timescale, the E
isomer can be thermally regenerated and can undergo
photoswitching of this type again.


2) Reversible photoisomerisation between the UV and visi-
ble PSSs. Although this approach does not modulate ac-
tivity as fully as irradiation of the purified E isomer, it
does provide potential for fast reversible photoswitching.


The second approach is likely to be the most useful in
practical switching applications. We describe the develop-
ment of the method used herein with an initial goal of defin-
ing those factors that maximise the relative difference (in E/
Z composition or enzyme activity) between the E- and Z-
enriched PSSs of the inhibitors, something that is currently
lacking in the literature. Photoisomerisation of the inhibitors
is carried out prior to addition of the protease given that in
situ photoswitching is known to result in poorer switching
and protease instability.[4]


Of the compounds tested (Table 1), azobenzene 9 gave
the best photoswitching between UV and visible PSSs, with
7.2 times more Z isomer obtained after UV irradiation.
Compounds 4, 7 and 8 gave the largest proportion of Z
isomer after UV irradiation, but retained the largest propor-
tion of Z isomer after visible irradiation (see Table 1).
Either the Z isomers of these compounds are (relatively)
thermodynamically stable, or the p!p* electronic transition
involved in E!Z photoisomerisation[14] is relatively fav-
oured at both the UV and visible wavelengths used in this
study. It is unclear why this is the case, since the closely re-
lated compounds 6 and 9 do not similarly favour the Z
isomer.
Separate aliquots from each of three solutions (the initial


solution and the E- and Z-enriched PSSs) of racemic 3–9
were assayed for inhibition of a-chymotrypsin. All com-
pounds were inhibitors of a-chymotrypsin with micromolar
inhibition constants (see IC50 values in Table 2), and all
showed reversible photoswitching of enzyme activity. All
compounds were observed to initially exhibit weak inhibi-
tion, which subsequently increased over several minutes to
reach a higher steady-state level. This Jslow-tightJ binding
has been previously observed for trifluoromethylketone in-
hibitors, and is considered to occur due to an equilibrium
between the active ketone and a less-active hydrated
form.[15] The IC50 values were calculated using the final
steady-state rates of enzymatic reaction (after 8 min of incu-


bation of enzyme, substrate and inhibitor) since the initial
inhibition was weak. In all cases the Z isomer is the more
potent inhibitor, as has been observed previously for a-ke-
toester inhibitors of a-chymotrypsin.[1,16] This differs from
boronic acid based inhibitors of a-chymotrypsin and alde-
hyde inhibitors of calpain, which usually exhibit greater ac-
tivity as the E isomer.[2,4,17]


The solubility of inhibitors 3, 6, 7 and 9 in water was in-
sufficient to obtain an accurate IC50 value for the least
active composition(s) before irradiation; however, an IC50
could be obtained for the active Z-enriched sample of each
compound and for 3 and 7 after visible irradiation, which ex-
hibit 50% inhibition below the solubility limit. This solubili-
ty problem limits to some extent the amount of enzyme
photoswitching that can be measured by assay for these
compounds. For example, inhibitor 9, which is likely to give
good enzyme photoswitching based on its excellent photo-
ACHTUNGTRENNUNGisomerisation and its structural similarity to good photo-
switch inhibitors 6–8, can only be accurately stated as
having >2.2-fold change in activity on photoisomerisation.
The best enzyme photoswitch is 6, which exhibits a >4.7-


fold change in activity after UV or visible irradiation. As-
suming that the enzyme inhibition occurs by formation of a
1:1 enzyme–inhibitor complex (as expected for these elec-
trophilic transition-state mimics[18]), the observed change in
the IC50 value of such inhibitors on photoisomerisation is
limited to the relative change in the amount of the active Z
isomer. In cases in which the E isomer also inhibits the
enzyme, the actual change in the IC50 value will be less than
this maximum. Therefore, the maximum possible change in
activity for 6 is 5.5 times (see Table 1). The observed change
in activity (>4.7-fold) is close to this limit, which shows the
Z isomer to be significantly more active than the E isomer.
Therefore, the major limitation to enzyme photoswitching of
this compound is the incomplete isomerisation process be-
tween the E and Z forms.
Trifluoromethylketone 3 exhibited a 3.5-fold change in


enzyme activity between its E- and Z-enriched PSSs. In
comparison, 2-fold photoswitching was reported for 1, which
contains the same skeleton, but a different warhead group.[1]


Trifluoromethylketone 4 exhibited a 2.2-fold change in activ-
ity between the E- and Z-enriched PSSs. This represents a
significant improvement on the related 2, which is reported
to exhibit a less than 1.5-fold change in activity on photo-
switching and partially decomposed on irradiation.[2] In ad-
dition, the trifluoromethylketones presented herein general-


ly exhibit improved photo-
switching (up to 5-fold changes
in IC50 value) compared with a-
ketoester and boronate ester
based inhibitors of a-chymo-
trypsin, which exhibit at best
only 3-fold changes in IC50
values on photoswitching.[1,2]


These favourable comparisons
suggest the trifluoromethylke-
tone to be a superior warhead


Table 2. a-Chymotrypsin inhibition constants (IC50) for compounds 3–9.


Cmpd IC50 before ir-
radiation [mm]


IC50 after UV ir-
radiation [mm]


IC50 after visible
irradiation [mm]


Increase in activity
after UV irradiation


Decrease in activity
after visible irradiation


3 >65 16 56 >4.1-fold 3.5-fold
4 32 13 28 2.5-fold 2.2-fold
5 46 10 31 4.6-fold 3.1-fold
6 >108 23 >108 >4.7-fold >4.7-fold
7 >86 17 64 >5.0-fold 3.8-fold
8 46 8.5 31 5.4-fold 3.6-fold
9 >60 27 >60 >2.2-fold >2.2-fold
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for photoswitch inhibitor design. Further studies are re-
quired to directly compare structurally analogous a-ketoest-
ers and trifluoromethylketones.
A number of significant structure–activity photoswitching


relationships are evident on comparison of the structurally
related inhibitors 5–9. Firstly, the halide-substituted deriva-
tives 6–8 all exhibit improved photoswitching relative to the
unsubstituted analogue 5, with 6 being the best reversible
photoswitch inhibitor of a-chymotrypsin reported to date
(see above for discussion). This may be partially attributable
to an increase in the effective bulk of these photoswitching
groups leading to a greater change in molecular structure on
photoisomerisation. It is expected that halide 9 would also
give good photoswitching, but an accurate analysis was not
possible here due to its poor solubility. The 4-sulfonamide
series (5–7) allows comparison of the effect of different
groups at the 4’-position (denoted X; 5 : X=H; 6 : X=Br; 7:
X= I). Interestingly both PSSs of 5 are significantly more
potent than those of halides 6 and 7, which suggests that a
lack of steric bulk on the azobenzene provides a better fit to
the active site. However, the greatest change in enzyme ac-
tivity on photoswitching is exhibited by halides 6 and 7. This
is predominantly due to a greater amount of the more
active Z isomer in the irradiated PSS in these cases (com-
pare Tables 1 and 2). This is likely to be due to the electron-
withdrawing properties of the halide, which are known to
affect the energy levels involved in UV-visible absorban-
ces.[14] It is interesting to note that the smaller substituent of
8 (X=Br) relative to that of 9 (X= I) also results in im-
proved potency (see Table 2). However, the observed great-
er affinity of the bromide relative to the iodide contrasts
with the results obtained for 6 and 7, in which the larger
iodide 7 gives the greater potency. Photoswitching of 8 and
9 cannot be compared accurately due to the poor solubility
of 9.
A comparison of 4-substituted 6 and 7 with 3-substituted


8 and 9 also provides some interesting comparisons with re-
gards to enzyme affinity and photoswitching. In particular,
the 4-sulfonamido-4’-bromoazobenzene 6 is significantly less
potent than 3-sulfonamido-4’-bromoazobenzene 8, but ex-
hibits a larger change in activity on photoisomerisation.
Both bromides give similar changes in the proportion of Z
isomer on irradiation (see Table 1). Therefore, the differ-
ence in enzyme photoswitching is attributable to differences
in the “fit” of the inhibitors into the enzyme active site. In-
terestingly, the 4-sulfonamido-4’-iodoazobenzene 7 is more
potent than 3-sulfonamido-4’-iodoazobenzene 9, which dif-
fers from the results obtained for bromides 6 and 8. Howev-
er, again photoswitching cannot be compared due to the
poor solubility of 9.


Conclusion


A series of trifluoromethylketone photoswitch inhibitors of
a-chymotrypsin has been developed and tested. The best
photoswitch, bromide 6, exhibits significantly improved


enzyme photoswitching (>4.7-fold) compared with previ-
ously reported reversible photoswitch inhibitors of a-chymo-
trypsin. Comparisons with known and related a-ketoesters
and boronate esters suggest the trifluoromethylketone war-
head to be the best for photoswitching in such inhibitors. In
addition, the 4’-halides 6–8 are better photoswitches than
the simple 5 that lacks a 4’-substituent. This implies that
photoswitching can be enhanced by increasing the effective
bulk of the photoswitch group. This is an important observa-
tion for the surface attachment of photoswitchable inhibitors
using a bulky linker substituent.[6] However, although the
surface attachment of inhibitors by means of a linker group
in the 3’- or 4’-position is expected to be generally favour-
ACHTUNGTRENNUNGable for photoswitching, no clearly favoured substitution
pattern or substituent is evident. Ongoing studies are fo-
cused on improving photoswitching by optimising the size
and character of 4’ linker groups. Our findings provide an
important lead for the ongoing development of photoswitch-
able inhibitors of proteases for use in reversible biosensors,
photoactivated medicines and molecular devices.


Experimental Section


General : NMR spectra were obtained on a Varian INOVA spectrometer
operating at 500 MHz for 1H NMR, 126 MHz for 13C NMR and 282 MHz
for 19F NMR, or on a Varian UNITY 300 spectrometer operating at
300 MHz for 1H NMR and 75 MHz for 13C NMR (selected NMR spectra
are given in the Supporting Information). Two-dimensional NMR experi-
ments including COSY and HSQC were used to assign the spectra, and
were obtained on the Varian INOVA spectrometer operating at
500 MHz. For the racemic compounds, unless stated otherwise, the NMR
spectroscopy data given are for the major E isomer. Compounds 3–9
were characterized in their hydrated forms. Electrospray ionisation mass
spectrometry was performed on a Micromass LCT TOF mass spectrome-
ter operating in electrospray (ES) mode with 50% acetonitrile/H2O as
solvent. Electron impact ionisation (EI) mass spectroscopy was per-
formed on a Kratos MS80 mass spectrometer operating at 4 kV (acceler-
ating potential) and 70 eV (ionising potential). Anhydrous DMF was pur-
chased from Acros; anhydrous THF was distilled from sodium or potassi-
um; anhydrous CH2Cl2 was distilled from CaH2. EtOAc and AcOH were
distilled before use. HPLC-grade acetonitrile was purchased from BDH.
All other commercial reagents were used as received.


Photoisomerisation and enzyme assays : Photoisomerisation studies and
enzyme assays were carried out as has been reported previously,[2] except
that spectrophotometric assays were run for 10 min (instead of 5 min),
and the final steady-state rates were used to find IC50 values rather than
initial rates. E/Z ratios were determined based on the relative integrals
of well-separated peaks in the 1H NMR spectra, in particular those corre-
sponding to NH and azobenzene aromatic protons.


Synthesis


(E)-[N-(Benzyl-3,3,3-trifluoro-2-oxopropyl)-3-phenylazobenzamide] (3):
A solution of 12 (43 mg, 0.10 mmol), KBr (0.2 equiv) and TEMPO
(0.1 equiv) in CH2Cl2 (3.5 mL) was cooled to 0 8C. Buffered NaOCl
(5.25%, adjusted to pH 9 by addition of NaHCO3, 1.8 mL) was added
dropwise and the reaction mixture was stirred rapidly for 2 h. The mix-
ture was diluted with EtOAc, separated, washed with brine, dried over
MgSO4, filtered and concentrated. The crude product was purified by
column chromatography (EtOAc/CH2Cl2 1:9) followed by recrystallisa-
tion from MeOH/H2O to afford 3 (37 mg, 87%, 88% E isomer) as an
orange solid. M.p. 154–156 8C; 1H NMR ([D6]acetone containing 5%
D2O, 500 MHz): d =8.18 (s, 1H), 7.99 (d, J=7.9 Hz, 1H), 7.90 (dd, J=


1.5, 8.2 Hz, 2H), 7.83 (d, J=7.7 Hz, 1H), 7.64–7.53 (m, 4H), 7.32 (d, J=
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7.2 Hz, 2H), 7.20 (t, J=7.5 Hz, 2H), 7.11 (t, J=7.4 Hz, 1H), 6.79 (d, J=


8.5 Hz, 1H; NH), 4.61 (dd, J=2.6, 11.8 Hz, 1H; CHCH2), 3.35 (dd, J=


3.0, 14.1 Hz, 1H; CHCHH), 3.07 ppm (dd, J=12.3, 13.7 Hz, 1H;
CHCHH); selected 1H NMR peaks for the minor Z hydrate isomer: d=


7.58 (d, J=8.1 Hz, 1H), 6.93–6.89 (m, 2H), 4.64 (d, J=11.6 Hz, 1H),
3.44–3.39 (m, 1H), 3.12–3.06 ppm (m, 1H); 13C NMR ([D6]acetone,
75 MHz): d=168.5 (CONH), 153.0, 139.3, 136.2, 132.4, 130.6, 130.2,
123.1, 128.9, 126.9, 126.0, 124.8 (q, J=289.7 Hz; CF3), 123.5, 122.3, 94.7
(q, J=29.9 Hz; C(OH)2), 56.8 (CHCH2), 34.0 ppm (CHCH2);


19F NMR
([D6]acetone, 282 MHz): d=�80.5 ppm (s, 3F); m/z (ES) calcd for
C23H21F3N3O3 [M


++H]: 444.1535; found: 444.1528.


(E)-tert-Butyl-2-oxo-2-(4-{[4-(4,4,4-trifluoro-3-oxo-1-phenylbutan-2-ylcar-
bamoyl)phenyl]diazenyl}benzylamino)ethyl carbamate (4): A solution of
14 (7.0 mg, 0.011 mmol) and Dess–Martin periodinane (34 mg, 7 equiv)
in CH2Cl2 (0.5 mL) was stirred for 3 h, diluted with EtOAc (50 mL),
washed with Na2S2O3 (0.25m in saturated NaHCO3, 50 mL), saturated
NaHCO3 (2Q50 mL), brine (50 mL), dried over MgSO4 and concentrat-
ed. The crude material was purified by column chromatography (EtOAc/
CH2Cl2 4:1) to give 4 (3.0 mg, 44%, >95% E isomer) as an orange solid.
M.p. 122–125 8C; 1H NMR ([D6]acetone, 500 MHz): d=7.99 (s, 1H),
7.89–7.85 (m, 6H), 7.52 (d, J=8.1 Hz, 2H), 7.33 (d, J=7.2 Hz, 2H), 7.24
(t, J=7.6 Hz, 2H), 7.16 (t, J=7.3 Hz, 1H), 6.41 (s, 1H), 4.55–4.46 (m,
3H), 3.80 (d, J=5.6 Hz, 2H), 3.37 (dd, J=14.1, 3.0 Hz, 1H), 3.21–3.15
(m, 1H), 1.40 ppm (s, C ACHTUNGTRENNUNG(CH3)3, 9H);


13C NMR ([D6]acetone, 75 MHz):
d=170.6, 169.7, 155.1, 152.3, 144.8, 139.5, 136.7, 130.1, 129.5, 129.2, 129.0,
127.2, 123.8, 123.3, 95.4 (q, J=29.9 Hz, C(OH)2), 79.4, 58.6, 44.8, 43.0,
33.7, 28.5 ppm; m/z (ES) calcd for C32H37F3N5O6 [M


++CH5O]: 644.2696;
found: 644.2717.


(E)-[N-(Benzyl-3,3,3-trifluoro-2-oxopropyl)-4-phenylazobenzenesulfon-
ACHTUNGTRENNUNGamide] (5): A solution of 15 (50 mg, 0.11 mmol), KBr (0.2 equiv) and
TEMPO (0.1 equiv) in CH2Cl2 (4.0 mL) was cooled to 0 8C. Buffered
NaOCl (5.25%, adjusted to pH 9 by addition of NaHCO3, 2.0 mL) was
added dropwise and the reaction mixture was stirred rapidly for 2 h. The
mixture was diluted with EtOAc, separated, washed with brine, dried
over MgSO4, filtered and concentrated. The crude product was purified
by flash chromatography (EtOAc/petroleum ether 3:7) followed by re-
crystallisation from MeOH/H2O to give 5 (40 mg, 80%, >95% E
isomer) as fluffy orange needles. M.p. 99–110 8C (decomp); 1H NMR
([D6]acetone, 500 MHz): d=8.01 (dd, J=1.5, 7.7 Hz, 2H), 7.73 (d, J=


8.5 Hz, 2H), 7.65 (m, 3H), 7.59 (d, J=8.4 Hz, 2H), 7.23 (d, J=9.0 Hz,
1H; NH), 7.06 (m, 2H), 6.94 (m, 3H), 6.28 (s, 1H; OH), 6.23 (s, 1H;
OH), 3.93 (m, 1H; CHCH2), 3.24 (dd, J=2.3, 14.3 Hz, 1H; CHCHH),
2.74 ppm (dd, J=11.3, 14.3 Hz, 1H; CHCHH); 13C NMR ([D6]acetone,
75 MHz): d=154.6, 153.4, 143.7, 138.5, 132.8, 130.3, 130.0, 129.0, 128.3,
127.0, 124.7 (q, J=289.2 Hz; CF3), 123.8, 123.6, 94.2 (q, J=29.4 Hz;
C(OH)2), 61.7 (CHCH2), 36.2 ppm (CHCH2);


19F NMR ([D6]acetone,
282 MHz): d=�78.9 ppm (s, 3F); m/z (EI) calcd for C22H18F3N3O3S
([M+], ketone): 461.1021; found: 461.1031.


(E)-[N-(Benzyl-3,3,3-trifluoro-2-oxopropyl)-4-(4-bromophenylazo)ben-
ACHTUNGTRENNUNGzenesulfonamide] (6): A solution of 22 (81 mg, 0.15 mmol), KBr
(0.2 equiv) and TEMPO (0.1 equiv) in EtOAc/CH2Cl2 (2:1, 15 mL) was
cooled to 0 8C. Buffered NaOCl (5.25%, adjusted to pH 9 by addition of
NaHCO3, 7.5 mL) was added dropwise and the reaction mixture was
stirred rapidly for 3 h. The biphasic mixture was diluted with EtOAc, sep-
arated, washed with brine, dried over MgSO4, filtered and concentrated.
The crude product was recrystallised from MeOH/H2O to give 6 (57 mg,
70%, >95% E isomer) as an orange solid. M.p. 140–141 8C; 1H NMR
([D6]acetone, 500 MHz): d =7.96 (d, J=8.7 Hz, 2H), 7.84 (d, J=8.7 Hz,
2H), 7.74 (d, J=8.6 Hz, 2H), 7.59 (d, J=8.6 Hz, 2H), 7.23 (br s, 1H;
NH), 7.05 (dd, J=1.9, 7.1 Hz, 2H), 6.93 (m, 3H), 6.30–6.20 (m, 2H), 3.93
(d, J=9.9 Hz, 1H; CHCH2), 3.25 (dd, J=2.4, 14.3 Hz, 1H; CHCHH),
2.73 ppm (dd, J=11.3, 14.3 Hz, 1H; CHCHH); 13C NMR ([D6]acetone,
75 MHz): d=154.2, 152.1, 144.4, 138.6, 133.5, 130.1, 128.9, 128.2, 126.9,
126.6, 125.5, 124.6 (q, J=289.1 Hz; CF3), 123.7, 94.2 (q, J=29.9 Hz;
C(OH)2), 61.5 (CHCH2), 36.1 ppm (CHCH2);


19F NMR ([D6]acetone,
282 MHz): d =�79.0 ppm (s; 3F); m/z (ES) calcd for C22H20


79BrF3N3O4S
[M++H]: 558.0310; found: 558.0311.


(E)-[N-(Benzyl-3,3,3-trifluoro-2-oxopropyl)-4-(4-iodophenylazo)benzene-
sulfonamide] (7): A solution of 23 (88 mg, 0.15 mmol), KBr (0.2 equiv)
and TEMPO (0.1 equiv) in EtOAc/CH2Cl2 2:1 (15 mL) was cooled to
0 8C. Buffered NaOCl (5.25%, adjusted to pH 9 by addition of NaHCO3,
7.5 mL) was added dropwise and the reaction mixture was stirred rapidly
for 3 h. The biphasic mixture was diluted with EtOAc, separated, washed
with brine, dried over MgSO4, filtered and concentrated. The crude prod-
uct was recrystallised from MeOH/H2O to afford the hydrate of 7
(53 mg, 60%, >95% E isomer) as an orange solid. M.p. 154–156 8C;
1H NMR ([D6]acetone, 500 MHz): d =8.05 (d, J=8.5 Hz, 2H), 7.79 (d,
J=8.5 Hz, 2H), 7.73 (d, J=8.6 Hz, 2H), 7.58 (d, J=8.6 Hz, 2H), 7.22
(br s, 1H; NH), 7.05 (dd, J=1.8, 7.0 Hz, 2H), 6.93 (m, 3H), 6.26 (br s,
2H), 3.93 (d, J=10.5 Hz, 1H; CHCH2), 3.24 (dd, J=2.2, 14.3 Hz, 1H;
CHCHH), 2.73 ppm (dd, J=11.3, 14.3 Hz, 1H; CHCHH); 13C NMR
([D6]acetone, 75 MHz): d =154.0, 152.4, 144.3, 139.4, 138.4, 129.9, 128.8,
128.0, 126.7, 125.2, 124.4 (q, J=289.2; CF3), 123.5, 99.2, 94.0 (q, J=


29.8 Hz; C(OH)2), 61.2 (CHCH2), 35.9 ppm (CHCH2);
19F NMR


([D6]acetone, 282 MHz): d=�79.0 ppm (s, 3F); m/z (EI) calcd for
C22H17F3IN3O3S [M


+]: 586.9987; found: 586.9992.


(E)-[N-(Benzyl-3,3,3-trifluoro-2-oxopropyl)-3-(4-bromophenylazo)ben-
ACHTUNGTRENNUNGzenesulfonamide] (8): A solution of 27 (22 mg, 40 mmol), KBr (0.2 equiv)
and TEMPO (0.1 equiv) in CH2Cl2 (0.5 mL) was cooled to 0 8C. Buffered
NaOCl (5.25%, adjusted to pH 9 by addition of NaHCO3, 0.25 mL) was
added dropwise and the reaction mixture was stirred rapidly for 2 h. The
biphasic mixture was diluted with EtOAc, separated, washed with brine,
dried over MgSO4, filtered and concentrated. The crude product was pu-
rified by flash chromatography (EtOAc/CH2Cl2 1:9) followed by recrys-
tallisation from MeOH/H2O to give the hydrate of 8 (18 mg, 83%,
>95% E isomer) as an orange solid. M.p. 86–88 8C; 1H NMR
([D6]acetone, 500 MHz): d =7.94 (d, J=7.9 Hz, 1H), 7.89 (d, J=8.7 Hz,
2H), 7.79 (d, J=8.8 Hz, 3H), 7.62 (d, J=7.9 Hz, 1H), 7.50 (t, J=7.9 Hz,
1H), 6.98 (d, J=7.2 Hz, 2H), 6.83 (t, J=7.4 Hz, 2H), 6.77 (t, J=7.3 Hz,
1H), 3.96 (dd, J=2.5, 11.0 Hz, 1H; CHCH2), 3.19 (dd, J=2.6, 14.3 Hz,
1H; CHCHH), 2.64 ppm (dd, J=11.1, 14.3 Hz, 1H; CHCHH); 13C NMR
([D6]acetone, 75 MHz): d =152.4, 151.8, 143.8, 138.4, 133.3, 130.6, 129.8,
129.5, 128.7, 127.4, 127.2, 126.3, 125.3, 120.2, 94.1 (q, J=29.7 Hz;
C(OH)2), 61.4 (CHCH2), 36.0 ppm (CHCH2);


19F NMR ([D6]acetone,
282 MHz): d=�78.9 ppm (s, 3F); m/z (ES) calcd for C22H20


79BrF3N3O4S
[M++H]: 558.0310; found: 558.0302.


(E)-[N-(Benzyl-3,3,3-trifluoro-2-oxopropyl)-3-(4-iodophenylazo)benzene-
sulfonamide] (9): A solution of 28 (24 mg, 40 mmol), KBr (0.2 equiv) and
TEMPO (0.1 equiv) in CH2Cl2 (0.5 mL) was cooled to 0 8C. Buffered
NaOCl (5.25%, adjusted to pH 9 by addition of NaHCO3, 0.25 mL
CH2Cl2) was added dropwise and the reaction mixture was stirred rapidly
for 2 h. The biphasic mixture was diluted with EtOAc, separated, washed
with brine, dried over MgSO4, filtered and concentrated. The crude prod-
uct was purified by flash chromatography (EtOAc/CH2Cl2 1:9), followed
by recrystallisation from aqueous MeOH/H2O to give the ketone/hydrate
mixture 9 (19 mg, 81%, >95% E isomer) as an orange solid. M.p. 109–
112 8C; 1H NMR ([D6]acetone containing 5% D2O, 500 MHz): d=8.02
(d, J=8.5 Hz, 2H), 7.95 (d, J=7.8 Hz, 1H), 7.80 (s, 1H), 7.75 (d, J=


8.5 Hz, 2H), 7.61 (d, J=7.9 Hz, 1H), 7.51 (t, J=7.8 Hz, 1H), 6.98 (d, J=


7.4 Hz, 2H), 6.84 (t, J=7.5 Hz, 2H), 6.77 (t, J=7.4 Hz, 1H), 3.96 (dd, J=


2.2, 11.0 Hz, 1H; CHCH2), 3.18 (dd, J=2.4, 14.2 Hz, 1H; CHCHH),
2.64 ppm (dd, J=11.3, 14.1 Hz, 1H; CHCHH); 13C NMR ([D6]acetone,
75 MHz): d=152.6, 152.5, 143.6, 139.5, 138.4, 130.7, 129.9, 129.6, 128.8,
127.6, 127.2, 125.3, 124.6 (q, J=289.2 Hz; CF3), 120.4, 99.0, 94.4 (q, J=


29.6 Hz; C(OH)2), 61.6 (CHCH2), 36.1 ppm (CHCH2);
19F NMR


([D6]acetone, 282 MHz): d=�78.9 ppm (s, 3F); m/z (ES) calcd for
C22H20F3IN3O4S [M


++H]: 606.0171; found: 606.0165.


(E)-[N-(1-Benzyl-3,3,3-trifluoro-2-hydroxypropyl)-3-phenylazobenz-
ACHTUNGTRENNUNGamide] (12): A suspension of 3-phenylazobenzoic acid 10[7,8] (88 mg,
0.39 mmol), 11a[9] (100 mg, 0.40 mmol) and BOP (180 mg, 0.40 mmol) in
CH2Cl2 (5.0 mL) was stirred at RT under an inert atmosphere. After
5 min, DIEA (140 mL, 0.80 mmol) was added dropwise. The resulting so-
lution was stirred for a further 16 h then diluted with EtOAc (20 mL),
washed with 10% aqueous HCl, saturated aqueous NaHCO3, brine, dried
over MgSO4, filtered and concentrated. Recrystallisation from aqueous
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acetone gave 12 (160 mg, 98%, >95% E isomer) as an orange powder.
M.p. 187–188 8C; 1H NMR ([D6]acetone, 500 MHz): d=8.28 (t, J=


1.6 Hz, 1H), 8.03 (dd, J=1.7, 7.8 Hz, 2H), 7.95 (dd, J=1.2, 8.0 Hz, 2H),
7.92 (d, J=7.8 Hz, 1H), 7.64–7.57 (m, 4H), 7.36 (d, J=7.4 Hz, 2H), 7.27
(t, J=7.6 Hz, 2H), 7.17 (t, J=7.4 Hz, 1H), 4.67 (m, 1H; CHCH2), 4.44
(m, 1H; CHOH), 3.26 (dd J=3.6, 14.2 Hz, 1H; CHCHH), 3.16 ppm (dd,
J=10.8, 14.2 Hz, 1H; CHCHH); 13C NMR ([D6]acetone): d=167.0
(CO), 153.2, 139.2, 136.9, 132.5, 130.6, 130.2, 129.1, 127.1, 126.4 (q, J=


283.2 Hz; CF3), 125.9, 123.6, 122.4, 72.0 (q, J=28.6 Hz; CHOH), 52.8
(CHCH2), 35.6 ppm (CHCH2);


19F NMR (CDCl3, 282 MHz): d=


�74.4 ppm (d, J=7.4 Hz, 3F); m/z (ES) calcd for C23H21F3N3O2
ACHTUNGTRENNUNG[M++H]: 428.1586: found: 428.1595.


(E)-tert-Butyl-2-oxo-2-(4-{[4-(4,4,4-trifluoro-3-hydroxy-1-phenylbutan-2-
ylcarbamoyl)phenyl]diazenyl}benzylamino)ethyl carbamate (14): DIEA
(9.0 mL, 6.7 mg, 1 equiv) was added to a solution of 13[2] (20 mg,
0.049 mmol), 11b[9] (11 mg, 1 equiv), EDCI (10 mg, 1 equiv) and HOAt
(7.0 mg, 1 equiv) in DMF (3.0 mL), and the resulting mixture was stirred
for 16 h, diluted with EtOAc (50 mL), washed with H2O (50 mLQ2),
brine (50 mL), dried over MgSO4 and concentrated. The crude product
was purified by flash chromatography (EtOAc/CH2Cl2 3:2) to give 14
(15 mg, 50%, >95% E isomer) as an orange solid. M.p. 182–185 8C;
1H NMR ([D6]acetone, 500 MHz): d?7.98 (d, J=8.5 Hz, 2H), 7.83–7.96
(m, 6H), 7.50 (d, J=8.0 Hz, 2H), 7.37 (d, J=7.4 Hz, 2H;
CHCHCHCHCH), 7.30 (t, J=7.4 Hz, 2H; CHCHCHCHCH), 7.21 (t,
J=7.4 Hz, 1H; CHCHCHCHCH), 4.72 (m, 1H), 6.35–6.40 (m, 2H), 4.53
(d, J=6.0 Hz, 2H), 4.23 (m, 1H), 3.84 (d, J=5.7 Hz, 2H), 3.17 (m, 2H;
CHCH2), 1.42 ppm (s, 9H; C ACHTUNGTRENNUNG(CH3)3);


13C NMR ([D6]acetone, 126 MHz):
d=170.7, 167.3, 154.9, 152.3, 144.5, 138.9, 137.4, 130.2, 129.3, 129.2, 128.9,
127.4, 123.8, 123.3, 79.4, 70.5 (q, J=29.5 Hz; CHOH), 52.2, 44.8, 43.0,
37.9, 28.5 ppm; m/z (ES) calcd for C31H35F3N5O5 [M


++H]: 614.2602;
found: 614.2590.


(E)-[N-(1-Benzyl-3,3,3-trifluoro-2-hydroxypropyl)-4-phenylazobenzene-
sulfonamide] (16): DIEA (0.39 mL, 2.2 mmol) was added to a stirred sus-
pension of 15 (290 mg, 1.0 mmol) and 11a (290 mg, 1.1 mmol) in CH2Cl2
(10 mL). The resulting solution was heated at reflux for 4 h, cooled and
then concentrated. The residue was dissolved in EtOAc, washed with
10% aqueous HCl, saturated aqueous NaHCO3 and brine, dried over
MgSO4, filtered and concentrated to give 16 (47 mg, quantitative, >95%
E isomer) as an orange solid. M.p. 143–144 8C (MeOH); 1H NMR
(CDCl3, 500 MHz): d=8.12 (dd, J=1.7, 7.9 Hz, 2H), 7.90 (d, J=8.5 Hz,
2H), 7.74 (m, 5H), 7.18 (m, 3H), 7.14 (m, 3H), 6.02 (d, J=6.9 Hz, 1H;
OH), 4.57 (m, 1H; CHOH), 3.93 (m, 1H; CHCH2), 3.08 (dd, J=3.1,
14.4 Hz, 1H; CHCHH), 2.96 ppm (dd, J=10.8, 14.4 Hz, 1H; CHCHH);
13C NMR ([D6]acetone, 75 MHz): d=154.7, 153.3, 143.3, 138.1, 132.9,
130.2, 130.0, 129.0, 128.3, 127.1, 126.0 (q, J=283.5 Hz; CF3), 123.8, 123.7,
73.6 (q, J=28.8 Hz; CHOH), 56.7 (CHCH2), 34.8 ppm (CHCH2);
19F NMR ([D6]acetone, 282 MHz): d=�74.2 ppm (d, J=8.0 Hz, 3F); m/z
(EI) calcd for C22H20F3N3O3S [M


+]: 463.1178; found: 463.1191.


N-(1-Benzyl-3,3,3-trifluoro-2-hydroxypropyl)-4-nitrobenzenesulfonamide
(18): DIEA (0.38 mL, 2.2 mmol) was added to a stirred suspension of 4-
nitrobenzenesulfonyl chloride (230 mg, 1.00 mmol) and 11a[9] (280 mg,
1.10 mmol) in CH2Cl2 (10 mL). The resulting solution was heated at
reflux under an inert atmosphere for 4 h, cooled and concentrated. The
residue was redissolved in EtOAc, successively extracted with 10% aque-
ous HCl, saturated aqueous NaHCO3 and brine, dried over MgSO4, fil-
tered and concentrated. Flash chromatography (CH2Cl2) of the crude ma-
terial gave 18 (400 mg, quantitative) as a pale yellow solid. M.p. 129–
131 8C; 1H NMR ([D6]acetone, 500 MHz): d=8.05 (d, J=8.9 Hz, 2H),
7.61 (d, J=8.9 Hz, 2H), 7.28 (d, J=8.3 Hz, 1H; NH), 7.01–6.95 (m, 5H),
5.93 (d, J=6.9 Hz, 1H; OH), 4.44 (m, 1H; CHOH), 3.80 (m, 1H;
CHCH2), 2.94 (dd, J=2.9, 14.4 Hz, 1H; CHCHH), 2.78 ppm (dd, J=


11.2, 14.4 Hz, 1H; CHCHH); 13C NMR ([D6]acetone, 75 MHz): d=150.2,
147.0, 138.0, 130.0, 129.0, 128.3, 126.9, 125.8 (q, J=283.5; CF3), 124.8,
73.9 (q, J=29.0 Hz; CHOH), 56.1 (CHCH2), 34.7 ppm (CHCH2);
19F NMR ([D6]acetone, 282 MHz): d=�74.2 ppm (d, J=8.0 Hz, 3F).


4-Amino-N-(1-benzyl-3,3,3-trifluoro-2-hydroxypropyl)benzenesulfon-
ACHTUNGTRENNUNGamide (19): PtO2 (catalytic amount) was added to a solution of 18 (1.3 g,
3.6 mmol) in EtOAc (50 mL). The suspension was rapidly stirred under


vacuum for 5 min then stirred under a hydrogen atmosphere for a further
16 h, filtered through a mixture of Celite and MgSO4 and concentrated
to give 19 (1.2 g, 99%) as a pale yellow solid. M.p. 175–180 8C; 1H NMR
([D6]acetone, 500 MHz): d=7.17–7.12 (m, 5H), 7.05 (dd, J=3.0, 6.5 Hz,
2H), 6.51 (d, J=8.7 Hz, 2H), 6.20 (d, J=7.8 Hz, 1H; NH), 5.73 (d, J=


6.9 Hz, 1H; OH), 5.38 (s, 2H; ArNH2), 4.40 (m, 1H; CHOH), 3.65 (m,
1H; CHCH2), 2.92 (dd, J=3.5, 14.5 Hz, 1H; CHCHH), 2.80 ppm (dd, J=


10.2, 14.5 Hz, 1H; CHCHH); 13C NMR ([D6]acetone, 75 MHz): d=153.1,
138.2, 130.0, 129.4, 129.0, 127.2, 127.0, 126.1 (q, J=283.3 Hz; CF3), 113.9,
71.7 (q, J=28.8 Hz; CHOH), 55.8 (CHCH2), 34.9 ppm (CHCH2);
19F NMR ([D6]acetone, 282 MHz): d=�74.1 ppm (d, J=8.1 Hz, 3F); m/z
(EI) calcd for C16H17F3N2O3S [M


+]: 374.0912; found: 374.0900.


(E)-[N-(1-Benzyl-3,3,3-trifluoro-2-hydroxypropyl)-4-(4-bromophenylazo)-
benzenesulfonamide] (22): A suspension of 19 (200 mg, 0.60 mmol) and
4-bromonitrosobenzene 20[10, 11] (110 mg, 0.60 mmol) in AcOH (2.4 mL)
was stirred at 100 8C for 4 h. The reaction mixture was cooled to RT then
diluted with H2O/CH2Cl2 (1:1, 50 mL). Solid Na2CO3 was added until ef-
fervescence ceased and the aqueous layer was basic to litmus. The aque-
ous layer was back-extracted with CH2Cl2 and the combined organics
were washed with 10% aqueous HCl, saturated aqueous NaHCO3 then
brine, dried over MgSO4, filtered and concentrated. Purification by
column chromatography (EtOAc/CH2Cl2 1:9) gave 22 (210 mg, 64%,
>95% E isomer) as an orange solid. M.p. 135–138 8C (MeOH); 1H NMR
([D6]acetone, 500 MHz): d =7.94 (d, J=8.6 Hz, 2H), 7.83 (d, J=8.6 Hz,
2H), 7.78 (d, J=8.5 Hz, 2H), 7.60 (d, J=8.5 Hz, 2H), 7.04 (m, 3H), 7.00
(m, 3H), 5.91 (d, J=6.9 Hz, 1H; OH), 4.44 (m, 1H; CHOH), 3.81 (m,
1H; CHCH2), 2.95 (dd, J=3.0, 14.4 Hz, 1H; CHCHH), 2.89 (s, 2H;
H2O), 2.83 ppm (dd, J=10.9, 14.6 Hz, 1H; CHCHH); 13C NMR
([D6]acetone, 75 MHz): d =154.6, 152.2, 143.7, 138.1, 133.5, 130.0, 129.1,
128.2, 126.1, 126.8, 126.0 (q, J=283.5 Hz; CF3), 125.6, 123.9, 73.6 (q, J=


28.9 Hz; CHOH), 56.7 (CHCH2), 34.8 ppm (CHCH2);
19F NMR


([D6]acetone, 282 MHz): d=�74.2 ppm (d, J=8.0 Hz, 3F); m/z (EI)
calcd for C22H19


79BrF3N3O3S [M
+]: 541.0283; found: 541.0280.


(E)-[N-(1-Benzyl-3,3,3-trifluoro-2-hydroxypropyl)-4-(4-iodophenylazo)-
benzenesulfonamide] (23): A suspension of 19 (130 mg, 0.34 mmol) and
4-iodonitrosobenzene 21[12, 13] (79 mg, 0.34 mmol) in AcOH (1.5 mL) was
stirred at 100 8C for 4 h. The reaction mixture was cooled to RT then di-
luted with water/CH2Cl2 (1:1, 50 mL). Solid Na2CO3 was added until ef-
fervescence ceased and the aqueous layer was basic to litmus. The aque-
ous layer was back-extracted with CH2Cl2 and the combined organics
washed successively with 10% aqueous HCl, saturated aqueous NaHCO3
and brine, dried over MgSO4, filtered and concentrated. Purification by
column chromatography (EtOAc/CH2Cl2 1:9) gave 23 (130 mg, 67%,
>95% E isomer) as an orange solid. M.p. 149–150 8C; 1H NMR
([D6]acetone, 500 MHz): d =8.05 (d, J=8.5 Hz, 2H), 7.79 (d, J=8.5 Hz,
2H), 7.78 (d, J=8.4 Hz, 2H), 7.60 (d, J=8.4 Hz, 2H), 7.04 (m, 3H), 7.00
(m, 3H), 4.44 (m, 1H; CHOH), 3.80 (m, 1H; CHCH2), 2.95 (dd, J=2.9,
14.4 Hz, 1H; CHCHH), 2.83 ppm (dd, J=10.9, 14.4 Hz, 1H; CHCHH);
13C NMR ([D6]acetone, 75 MHz): d=154.5, 152.6, 143.7, 139.6, 138.1,
130.0, 129.0, 128.3, 127.1, 126.0 (q, J=283.4 Hz; CF3), 125.5, 123.8, 99.3,
73.6 (q, J=28.7 Hz; CHOH), 56.7 (CHCH2), 34.8 ppm (CHCH2);
19F NMR ([D6]acetone, 282 MHz): d=�74.26ppm (d, J=7.9 Hz, 3F);
m/z (EI) calcd for C22H19F3IN3O3S [M


+]: 589.0144; found: 589.0155.


N-(1-Benzyl-3,3,3-trifluoro-2-hydroxypropyl)-3-nitrobenzenesulfonamide
(25): DIEA (0.37 mL, 2.1 mmol) was added to a stirred suspension of 3-
nitrobenzenesulfonyl chloride 24 (220 mg, 1.00 mmol) and 11a[9] (270 mg,
1.1 mmol) in CH2Cl2 (10 mL). The resulting solution was heated at reflux
for 4 h, cooled and then concentrated. The residue was redissolved in
EtOAc, washed with 10% aqueous HCl, saturated aqueous NaHCO3 and
brine, dried over MgSO4, filtered and concentrated. Flash chromatogra-
phy (CH2Cl2) of the crude material gave 25 (400 mg, 99%) as a pale
yellow solid. M.p. 116–118 8C; 1H NMR (CDCl3, 500 MHz): d=8.26 (d,
J=8.2 Hz, 1H), 8.12 (s, 1H), 7.78 (d, J=7.9 Hz, 1H), 7.48 (t, J=8.0 Hz,
1H), 6.97–6.94 (m, 3H), 6.85 (dd, J=2.8, 6.3 Hz, 2H), 5.44 (d, J=8.1 Hz,
1H; NH), 4.55 (m, 1H; CHOH), 3.62–3.73 (m, 2H), 2.97 (dd, J=3.3,
14.4 Hz, 1H; CHCHH), 2.68 ppm (dd, J=11.6, 14.4 Hz, 1H; CHCHH);
13C NMR (CDCl3, 75 MHz): d=148.2, 140.6, 136.0, 132.1, 130.0, 128.8,
128.6, 127.0, 126.7, 124.1 (q, J=283.3 Hz; CF3), 122.0, 72.7 (q, J=
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30.1 Hz; CHOH), 56.3 (CHCH2), 34.2 ppm (CHCH2);
19F NMR (CDCl3,


282 MHz): d =�74.7 ppm (d, J=7.4 Hz, 3F).


3-Amino-N-(1-Benzyl-3,3,3-trifluoro-2-hydroxypropyl)benzenesulfon-
ACHTUNGTRENNUNGamide (26): PtO2 (10 mg) was added to a solution of 25 (300 mg,
0.75 mmol) in EtOAc (50 mL). The suspension was rapidly stirred under
vacuum for 3–5 min then stirred under a hydrogen atmosphere for a fur-
ther 16 h, filtered through a mixture of Celite and MgSO4 and concen-
trated to give 26 (270 mg, 95%) as a foamy off-white solid. M.p. 131–
134 8C (EtOAc); 1H NMR (CDCl3, 500 MHz): d =7.15–7.02 (m, 4H),
6.89 (dd, J=2.5, 6.0 Hz, 2H), 6.85 (d, J=7.7 Hz, 1H), 6.73 (d, J=8.0 Hz,
1H), 6.67 (s, 1H), 5.37 (d, J=8.0 Hz, 1H; NH), 4.46 (m, 1H; CHOH),
3.90 (br, 2H; ArNH2), 3.68 (m, 1H; CHCH2), 2.92 (dd, J=3.6, 14.4 Hz,
1H; CHCHH), 2.68 ppm (dd, J=10.7, 14.4 Hz, 1H; CHCHH); 13C NMR
(CDCl3, 75 MHz): d =147.2, 139.2, 136.2, 130.0, 129.2, 128.6, 126.9, 124.5
(q, J=283.6 Hz; CF3), 119.6, 116.5, 112.9, 72.0 (q, J=29.2 Hz; CHOH),
55.7 (CHCH2), 34.4 ppm (CHCH2);


19F NMR (CDCl3, 282 MHz): d=


�74.1 (d, J=8.0 Hz, 3F); m/z (ES) calcd for C16H18F3N2O3S [M
++H]:


375.0990; found: 375.0991.


(E)-[N-(1-Benzyl-3,3,3-trifluoro-2-hydroxypropyl)-3-(4-bromophenylazo)-
benzenesulfonamide] (27): A suspension of 26 (100 mg, 0.30 mmol) and
20 (56 mg, 0.30 mmol) in AcOH (1.2 mL) was stirred at 100 8C for 4 h.
The reaction mixture was cooled to RT then diluted with water/CH2Cl2
(1:1, 50 mL). Solid Na2CO3 was added until effervescence ceased and the
aqueous layer was basic to litmus. The aqueous layer was back-extracted
with CH2Cl2 and the combined organics washed successively with 10%
aqueous HCl, saturated aqueous NaHCO3 and brine, dried over MgSO4,
filtered and concentrated. Purification by column chromatography
(EtOAc/CH2Cl2 1:9) gave 27 (120 mg, 76%, >95% E isomer) as an
orange solid. M.p. 140–141 8C; 1H NMR ([D6]acetone, 500 MHz): d =8.02
(d, J=7.9 Hz, 1H), 7.93 (d, J=8.7 Hz, 2H), 7.89 (s, 1H), 7.83 (d, J=


8.7 Hz, 2H), 7.61 (d, J=7.9 Hz, 1H), 7.55 (t, J=6.1 Hz, 1H), 7.05 (d, J=


8.2 Hz, 1H; NH), 7.01 (d, J=7.2 Hz, 2H), 6.93 (t, J=7.3 Hz, 2H), 6.88
(m, J=7.3 Hz, 1H), 5.92 (d, J=6.9 Hz, 1H; OH), 4.46 (m, 1H; CHOH),
3.82 (m, 1H; CHCH2), 2.94 (dd, J=3.0, 14.4 Hz, 1H; CHCHH) 2.82 ppm
(dd, J=10.9, 14.4 Hz, 1H; CHCHH); 13C NMR ([D6]acetone, 75 MHz):
d=152.9, 152.1, 143.0, 138.0, 133.5, 130.9, 129.9, 129.7, 128.9, 127.7, 127.3,
126.5, 126.0 (q, J=283.5 Hz; CF3), 125.5, 120.6, 73.6 (q, J=28.8 Hz;
CHOH), 56.8 (CHCH2), 34.8 ppm (CHCH2);


19F NMR ([D6]acetone,
282 MHz): d=�74.2 ppm (d, J=8.0 Hz, 3F); m/z (EI) calcd for
C22H19


79BrF3N3O3S [M
+]: 541.0283; found: 541.0278.


(E)-[N-(1-Benzyl-3,3,3-trifluoro-2-hydroxypropyl)-3-(4-iodophenylazo)-
benzenesulfonamide] (28): A suspension of 26 (100 mg, 0.30 mmol) and
21 (70 mg, 0.30 mmol) in AcOH (1.2 mL) was stirred at 100 8C for 4 h.
The reaction mixture was cooled to RT then diluted with water/CH2Cl2
(1:1, 50 mL). Solid Na2CO3 was added until effervescence ceased and the
aqueous layer was basic to litmus. The aqueous layer was back-extracted
with CH2Cl2 and the combined organics washed successively with 10%
aqueous HCl, saturated aqueous NaHCO3 and brine, dried over MgSO4,
filtered and concentrated. Purification by column chromatography
(EtOAc/CH2Cl2 1:9) gave 28 (140 mg, 77%, >95% E isomer) as an
orange solid. M.p. 134–137 8C; 1H NMR ([D6]acetone, 500 MHz): d =8.04
(d, J=8.7 Hz, 2H), 8.02 (d, J=7.9 Hz, 1H), 7.89 (s, 1H), 7.77 (d, J=


8.6 Hz, 2H), 7.61 (d, J=7.8 Hz, 1H), 7.54 (t, J=7.8 Hz, 1H), 7.05 (d, J=


8.2 Hz, 1H; NH), 7.01 (d, J=7.1 Hz, 2H), 6.93 (t, J=7.3 Hz, 2H), 6.87
(t, J=7.2 Hz, 1H), 5.90 (d, J=6.9 Hz, 1H; OH), 4.47 (m, 1H; CHOH),
3.82 (m, 1H; CHCH2), 2.94 (dd, J=2.9, 14.4 Hz, 1H; CHCHH),
2.82 ppm (dd, J=10.9, 14.4 Hz, 1H; CHCHH); 13C NMR ([D6]acetone,
75 MHz): d=152.8, 152.5, 143.0, 139.6, 138.0, 130.8, 129.8, 129.7, 128.9,
127.7, 127.2, 126.0 (q, J=283.4 Hz; CF3), 125.4, 120.6, 99.1, 73.6 (q, J=


28.7 Hz; CHOH), 56.8 (CHCH2), 34.8 ppm (CHCH2);
19F NMR


([D6]acetone, 282 MHz): d=�74.2 ppm (d, J=8.0 Hz, 3F); m/z (EI)
calcd for C22H19F3IN3O3S [M


+]: 589.0144; found: 589.0146.
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Synthesis, Characterization, and Application of Cationic Water-Soluble
Oligofluorenes in DNA-Hybridization Detection


Bin Liu* and Shudipto Konika Dishari[a]


Introduction


Water-soluble conjugated polymers (CPs) as optically sensi-
tive materials have been widely used in chemical and biolog-
ical sensors.[1] Cationic conjugated polymers (CCPs), in par-
ticular, have been proven useful for strand-specific DNA de-
tection by taking advantage of the light-harvesting proper-
ties of conjugated polymers and the fluorescence resonance
energy transfer (FRET) between the polymers and dye mol-
ecules attached to PNA, DNA, or peptide.[2] The same strat-
egy has also been used to detect RNA, protein, and other
small molecules in aqueous media and on a solid substrate.[3]


Efficient fluorescence resonance energy transfer from the
cationic conjugated polymer to the dye is a required condi-
tion for high sensitivity.[4] Maximized spectral overlap be-
tween the donor emission and the acceptor absorption, im-
proved orientation, and a shortened distance between the
donor and the acceptor should lead to more-efficient


FRET.[5] Our previous studies have shown that both CCP
backbone structure and the side chain length affect energy-
transfer efficiencies.[6] Improved signal amplification has
been demonstrated with shape-adaptable polymers in which
more conformational freedom and improved registry with
the analyte shape favor more-efficient FRET.[6a] The impor-
tance of matching energy levels between the donor–acceptor
pairs to minimize photo-induced charge-transfer processes
that compete with the desired FRET amplification was also
reported.[7] Recently, we also developed a nanoparticle-
based sensing strategy in which the energy-waste channel of
dye self-quenching upon CCP/DNA–dye complexation was
minimized. The collective response from polymers self-as-
sembled on the nanoparticle surface provided a signal am-
plification of the dye emission by over 110-fold.[8] Efforts
have also been made to tune the conjugated polymer emis-
sion to match different probe chromophores[6b] and to
change the solvent media for maximized signal amplifica-
tion.[9]


Despite much success in demonstrating the sensing strat-
egy and improving the CCP-based sensor performance, fun-
damental information concerning important relationships
between structure and optical properties in cationic water-
soluble conjugated polymer solutions remain lacking.[10, 6c]


Structural uncertainties in these polymers, such as the mo-
lecular-weight distribution, batch-to-batch variation in mo-


Abstract: A simple and efficient ap-
proach was developed for the synthesis
of a series of cationic water-soluble oli-
gofluorenes up to a chain length of a
heptamer. Bromoalkyl-substituted fluo-
renyl boronic esters as the key inter-
mediates were synthesized by using a
modified Miyaura reaction. With an in-
creasing number of repeat units (trimer
to hexamer), the size-specific oligomers
have shown redshifts in both the ab-
sorption and emission maxima. The
emission maximum reaches the limit


for the hexamer in both water and
buffer solution. The quantum yields of
the oligomers decreased with increased
oligomer size in water. Both fluores-
cence quenching of the oligomers by
9,10-anthraquinone-2,6-disulfonate and
the fluorescence resonance energy


transfer experiments with the oligo-
mers as the donor and fluorescein (Fl)-
labeled double-stranded DNA
(dsDNA-Fl) as the acceptor revealed
the chain-length-dependent behavior.
The Stern–Volmer quenching constant
increased with the molecular size,
whereas the highest donor-sensitized Fl
emission was observed for the hexa-
mer. These size-specific oligomers also
served as a model to study the struc-
ture–property relationships for cationic
polyfluorenes.
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lecular weight, and defects prevent detailed study of the
structure–property relationships of CCPs and the chain-
length-dependent energy transfer/electron transfer between
donor molecules and dye-labeled biomolecules involved in
the FRET process. In the previous effort, water-soluble fluo-
rene-phenylene oligomers with one, two, or three fluorene
units on both sides of the phenylene ring were synthesized
to study the interactions between the oligomers and single-
stranded DNA (ssDNA) or double-stranded DNA
(dsDNA).[10b] Although the oligomer size was found to
affect the energy-transfer ratios of oligomer/ssDNA-fluores-
cein (Fl) to oligomer/dsDNA-Fl, the relationship between
the molecular size and the oligomer-sensitized Fl emission
intensity for dsDNA-Fl or ssDNA-Fl was not clear. In addi-
tion, the changes in the optical properties of the oligomers
and their response to DNA molecules could not be general-
ized to understand the polymer behavior as the oligomers
do not have the same repeat unit. Better understanding of
cationic conjugated polymers and the chain-length-depen-
dent electron- and energy-transfer processes is thus of high
importance to provide guidance for further improvement in
CCP-based sensor performance.


Herein, we describe the synthesis and characterization of
a series of cationic water-soluble conjugated oligofluorenes
with a chain length that varies from three units (trimer) to
seven units (heptamer). These molecules were used to ex-
amine the chain-length-dependent optical properties of
water-soluble polyfluorenes and served to illustrate how var-
iations in conjugation length could be used to optimize the
fluorescence-based sensory process. We started with the syn-
thesis and examination of the optical properties of the oligo-
mers. This was followed by the study of oligomer-quenching
behaviors in the presence of 9,10-anthraquinone-2,6-disulfo-
nate and the energy-transfer processes from the oligomers
to dsDNA-Fl. Poly ACHTUNGTRENNUNG[9, 9-bis ACHTUNGTRENNUNG(6’-(N,N,N-trimethylammonium)-
hexyl)fluorene) dibromide] was also studied to allow a com-
parison of the oligomers against the polymer structure.


Results and Discussion


The intermediates for water-soluble oligomers were ob-
tained by the sequence of reactions shown in Scheme 1.
Starting from the mono- (1) and dibromide (4) of bromo-
hexyl-substituted fluorene, the corresponding mono- 2 and
diboronic esters 5 were synthesized by the modified Miyaura
reaction in the presence of bis(pinacolato)diboron and
KOAc by using dioxane as the solvent. Compounds 2 and 5
were obtained in a yield of 64 and 52 %, respectively, after
purification by silica chromatography. Suzuki coupling be-
tween one equivalent of 1 and 2 with [Pd ACHTUNGTRENNUNG(PPh3)4] as the cat-
alyst in a mixture of toluene/2 m K2CO3 aqueous solution for
24 h yielded the fluorenyl dimer 3 in 64 % yield. Similarly,
reaction of 2 with 1.5 equivalents of 4 gave the monobromi-
nated fluorenyl dimer 6 in 65 % yield, together with a small
fraction of trimer 7 in 19 % yield. Compound 7 was also syn-
thesized from two equivalents of 2 and one equivalent of 4


in 75 % yield. Direct bromination of 3 and 7 at room tem-
perature by using liquid bromine in dichloromethane in the
presence of a trace amount of iodine afforded dibrominated
fluorenyl dimer 8 and trimer 9 in a yield of 60 and 45 %, re-
spectively, after purification. For large bromide molecules,
such as 9, multiple column chromotography was necessary
for purification as the side products were difficult to remove
through recrystallization. Compounds 6 and 8 were trans-
formed to their corresponding boronic esters 10 and 11 in a
yield of 58 and 44 %, respectively, by using the same
method as for 2 and 5. The availability of the alkyl bromide
containing arylboronates simplified the synthesis of precur-
sors for water-soluble conjugated molecules that rely on
Suzuki cross-coupling protocols. Furthermore, the new pro-
cedure bypassed the need to prepare trialkylamino-substi-
tuted oligomers or protected intermediates, which were
complicated or difficult to purify.[10] As compared with pre-


Scheme 1. Synthetic route to the intermediates for the oligomers. a) bis-
(pinacolato)diboron, [PdCl2 ACHTUNGTRENNUNG(dppf)], KOAc, dioxane, 80 8C; b) [Pd-
ACHTUNGTRENNUNG(PPh3)4], 2 mK2CO3, toluene/H2O, 100 8C; c) Br2/I2, dichloromethane.
dppf =1,1’-bis(diphenylphosphino)ferrocene.
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vious approaches for neutral monodispersed oligofluor-
enes,[11] which took advantage of the large reactivity differ-
ence between diazonium salts or trimethylsilyl groups and
aryl bromides in the cross-coupling reaction with aryl boro-
nates,[12] our strategy is much more straightforward and is
compatible with functional bromide groups at the end of the
side chain.


As shown in Scheme 2, the synthetic entry to the fluoren-
yl oligomers that range from the trimer to the heptamer in-
volved a palladium-mediated Suzuki cross-coupling reaction


between the fluorenyl boronic esters and the brominated
fluorenes. The reactions proceeded in the presence of [Pd-
ACHTUNGTRENNUNG(PPh3)4] in a mixture of 2 m aqueous K2CO3 solution and
THF or toluene. The coupling between two equivalents of 2
and 4 or 8 afforded fluorenyl trimer 7 and tetramer 12 in a
yield of 75 and 52 %, respectively. The fluorenyl pentamer
13 and hexamer 14 were obtained from a coupling reaction
between 5 or 11 and two equivalents of 6, both in a yield of
approximately 30 %. Similarly, the heptamer 15 was ob-
tained in 27 % yield by coupling 9 and 10. For fluorenyl olig-
omers, purification was done by using column chromatogra-
phy followed by recrystallization from hexane–dichlorome-
thane to afford the products as white or pale yellow solids.
Results from 1H and 13C NMR spectroscopy, MALDI-TOF
mass spectrometry, and elemental analysis confirmed the
right molecular structures and high purity of the neutral
oligomers of 7 and 12–15. Quaternization of the pendant
bromide groups on the backbone, by addition of condensed
trimethylamine, provided the cationic water-soluble oligo-
mers 16–20 in a yield of 60–65 % after precipitation from
acetone and subsequent drying. After quaternization, the
characteristic signals at d=3.40–3.20 ppm, which correspond
to the chemical shift of -CH2CH2Br for the neutral oligo-
mers, disappeared completely. A new signal at d�3.60 ppm,
which is assigned to -CH2CH2N ACHTUNGTRENNUNG(CH3)3, appeared in the
1H NMR spectra of 16–20. The degree of quaternization is
thus nearly quantitative for the oligomers. The molecular
structures of 16–20 were also confirmed by using NMR


spectroscopy and MALDI-TOF mass spectrometry. By
using the hexamer as an example, observed ionized mass
peaks correspond to 441.79 [M�7 Br]7+ , 377.36 [M�8 Br]8+ ,
254.06 [M�11 Br]11+ , and 224.54 [M�12 Br]12+ . The polymer
has a number-average molecular weight of 33 000 (ca. 50
repeat units) and a polydispersity of 1.8. Oligomers 16–18
are highly soluble in water (>20 mg mL�1), whereas oligo-
mers 19 and 20 require ultrasonication to get a clear aque-
ous solution with a concentration of 20 mg mL�1. The poly-
mer has a low solubility in water (<2 mg mL�1).


The absorption spectra of the oligomers 16–20 and the po-
lymer in water with the same fluorene unit concentration of
3.0 J 10�6


m are shown in Figure 1 and the data are presented


in Table 1. The corresponding absorption spectra in metha-
nol are shown in Figure S1 in the Supporting Information.
The fluorenyl oligomers exhibit an unstructured absorption
band in both water and methanol. There is a progressive
redshift in the absorption maxima with increasing chain
length in both water and methanol. In water, the maximum
absorption wavelength increases from 353 nm for the trimer
to 385 nm for the heptamer and 395 nm for the polymer,
which is slightly redshifted as compared with that in metha-
nol. Previous studies have shown that methanol is a good
solvent for amphiphilic oligomers and polymers, which can
greatly reduce molecular aggregation in water.[13] In metha-
nol, the absorption maxima for the trimer to the heptamer
are 350, 364, 371, 375, and 379 nm, respectively, which corre-
spond to the energies of 3.54, 3.41, 3.34, 3.31, and 3.27 eV.
From the absorption maximum for each oligomer in metha-
nol, it is possible to determine the active conjugation length
of the polymer by examination of the plot of the absorption
energy versus the value of 1/n, where n represents the
number of fluorene units for each oligomer. As shown in
Figure 2, the absorption energy versus n gives a linear curve
(correlation coefficient=0.996) from which one can derive
Equation (1):


Scheme 2. Synthetic route to the neutral and water-soluble oligomers.
a) [Pd ACHTUNGTRENNUNG(PPh3)4], 2 mK2CO3, toluene/H2O, 100 8C; b) NMe3, THF/H2O.


Figure 1. The absorption spectra of the fluorenyl oligomers 16–20 and the
polymer in water with [fluorene unit]=3.0J 10�6


m.


www.chemeurj.org C 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 7366 – 73757368


B. Liu and S. K. Dishari



www.chemeurj.org





EðeVÞ ¼ 3:06 þ 1:435=n ð1Þ


From the absorption maximum of the polymer (390 nm,
which corresponds to 3.18 eV), one can estimate that the
cationic polyfluorene has an effective conjugation length of
about 11 to 12 repeat units. This is similar to the previous
report in which an effective conjugation length of 12 repeat
units was reported for poly(9,9-di-n-hexylfluorene-2,7-diyl),
which showed an absorption maximum of 390 nm in tetrahy-
drofuran.[14] The molar absorption coefficient (e) based on
the fluorene unit is nearly the same for all the oligomers
and the polymer in water, which has a value of approximate-
ly 2.9 J 104 L mol�1 cm�1. In methanol, the e based on the flu-
orene unit is approximately 3.0 J 104 L mol�1 cm�1, which is
slightly higher than that in water.


The emission spectra of the oligomers and the polymer
were also studied in both water (Figure 3) and methanol
(Figure S1 in the Supporting Information), and the data are
summarized in Table 1. In water, the emission maxima of


the oligomers increase from 396 nm for the trimer to 422 nm
for the hexamer, and the emission maxima remain virtually
unchanged when the chain length is further increased. The
fact that the spectral absorption maxima continue to redshift
up to n=12, whereas the emission maximum does not shift
further to the red for n>6, suggests that the fluorene back-
bone geometry changes significantly in going from the
ground state (S0) to the vibronically relaxed excited state.[14]


Similar observation has also been reported previously in
which the emission maximum of neutral oligofluorenes in
tetrahydrofuran reaches the limit at n=6.[14] In methanol,
the emission maxima are slightly blueshifted for all the olig-
omers and the polymer, and the emission spectra are nar-
rower as compared with those in water. The narrowed emis-
sion spectra reflect a smaller conformational distribution of
excited species for 16–20 in methanol, as compared with
that in water. Both the oligomers and the polymer have
shown well-structured PL spectra in water and in methanol.
As shown in Figure 3, for each molecule, two well-resolved
emission bands that correspond to 0–0 and 0–1 intrachain
singlet transition are present. The ratio of the intensities for
the 0–0 transition to the 0–1 transition increases with oligo-
mer size. When normalized, the polymer shows the lowest
0–1 transition. This is due to the increased intrachain cou-
pling with increased chain length.[12a] The fluorescence quan-
tum efficiency (F) was determined against quinine sulfate in
0.1 m H2SO4 (54%) as the standard, and the values are
shown in Table 1. The F values of the oligomers decrease
with increasing chain length in both water and methanol.
The F value varies from 94 % for the trimer to 78 % for the
polymer in methanol, and from 90 % for the trimer to 45 %
for the polymer in water, respectively.


Understanding the optical properties of the oligomers and
the polymer in water with varying ionic strength is of high
importance for bioassay applications as buffer ions screen
negative charges on DNA, which facilitate hybridization.[15]


The effect of ionic strength on the optical properties of the
oligomers and the polymer was studied by monitoring the
absorption and emission spectral changes of their aqueous
solutions upon addition of different amounts of NaCl. In
these experiments, the solution concentration based on the
fluorene unit was kept at 3 J 10�6


m, with [NaCl] varying
from 0 to 118 mm at an increase of 12 mm upon each NaCl
addition. The corresponding spectra are shown in Figure S2
and S3 in the Supporting Information. With the addition of
NaCl, there was a decrease in both absorption and fluores-
cence for all solutions. When the concentration of NaCl was
varied from 0 to 118 mm, the decrease in absorbance was
similar (around 40 %) for all solutions and there was no ob-
vious precipitation observed. For the trimer and tetramer, a
slight redshift was also observed with increased NaCl con-
centration in solution. For the pentamer, hexamer, hepta-
mer, and the polymer, the absorption spectra also changed
their shapes even in the presence of 12 mm NaCl. A new
shoulder peak appeared at long wavelength and the peak in-
tensity increased with increased chain length. The most ob-
vious change was observed for the polymer in which the ab-


Figure 2. Energy of the oligomer absorption maxima in methanol versus
the inverse ring number of fluorenyl oligomers.


Figure 3. The emission spectra of the fluorenyl oligomers 16–20 and the
polymer in water at [fluorene unit]=3.0J 10�6


m.
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sorption at 395 nm in water slightly redshifted to 397 nm in
the presence of NaCl and a more-intense new band ap-
peared at 411 nm. The changes in the absorption spectra of
16–20 and the polymer upon addition of NaCl reveals that
the conformational changes in the ground state is more ob-
vious for large-size molecules.


In general, when molecules aggregate and if the aggre-
gates are soluble, bathochromic and hypsochromic shifts are
observed for the absorption when the unaggregated form is
compared with the aggregated forms.[16] On the other hand,
when molecules aggregate and the aggregates are not very
soluble, aggregation or precipitation can result in a decrease
in the absorption band and an increase in the absorption at
the long wavelength side owing to particle scattering. Nei-
ther of these two effects are ob-
vious in Figure S2 in the Sup-
porting Information, which in-
dicates that the observed spec-
tral change is less likely to be
due to salt-induced aggregation.
The effect of NaCl on the effec-
tive diameters (EDs) of the
oligomers and the polymer in
solution was also studied by dy-
namic light-scattering tech-
niques.[17] At an equal [fluorene
unit]= 1 J 10�5


m in water, the
EDs for solutions containing the trimer to the heptamer
were in the range of 350–450 nm, and the ED for the poly-
mer was around 600 nm. These values did not change within
24 h. Upon addition of 118 mm NaCl to each solution, the
change in ED was less than 5 % when measured within
5 min. However, the EDs increased to approximately
1000 nm or more for all solutions when they were kept at
room temperature for 24 h. This indicates that the spectral
redshift and the decrease in absorbance in the presence of
NaCl (shown in Figure S2 in the Supporting Information)
are not attributed to aggregation formation. The new band
(>400 nm) in the presence of NaCl reflects the changes of
the backbone conformation of the oligomers/polymer from
a more disordered state to a less disordered state in solu-
tion.[18] The conformational change could favor molecular
agglomeration and aggregation, which eventually leads to
big aggregates and precipitation when the solutions are kept
for a long time.


Upon addition of NaCl to the oligomer/polymer solutions,
a redshift in emission was also observed for aqueous solu-
tions containing the pentamer, hexamer, heptamer, and the
polymer. The redshift also continued with increased NaCl
concentration. The rate of the decrease in fluorescence also
increased with the molecular size. When the NaCl concen-
tration was increased from 0 to 118 mm, a 40 % decrease in
fluorescence intensity was observed for the trimer, whereas
a 90 % decrease was observed for the polymer. The quan-
tum yield of the trimer did not change significantly with the
increased ionic strength in solution. The most obvious de-
crease in quantum yield was observed for the polymer,


which changed from 45 % in water in the absence of NaCl
to about 8 % at [NaCl]=118 mm in solution. Quantitative
analysis of the changes in fluorescence quantum yield re-
quires lifetime measurement and calculation of radiative
and non-radiative decay rates, which is currently under
study. In the following studies, 25 mm phosphate buffer solu-
tion (pH 7.4) was used as the medium, which was chosen to
maintain not only a relatively high fluorescence quantum
yield for all the donor molecules but also good stability of
double-stranded (ds)DNA in solution.[7,19] The absorption
and emission spectra of the oligomers and the polymer in
buffer solution are shown in Figure S4 in the Supporting In-
formation, and the corresponding data are summarized in
Table 1.


To investigate the electronic communication and chain-
length dependent light-harvesting properties, it is useful to
examine the processes such as the fluorescence quenching
and energy transfer with different acceptor molecules. Fluo-
rescence quenching of the oligomers and the polymer was
examined by using the electron acceptor 9,10-anthraqui-
none-2,6-disulfonate (AQS2�) in 25 mm phosphate buffer so-
lution. Experiments were conducted at an equal concentra-
tion of the fluorene unit of 2 J 10�6


m. The quenching effi-
ciency is determined by using the Stern–Volmer equation:
F0/F=1 + KsvACHTUNGTRENNUNG[quencher], where F0 and F are fluorescence
intensities in the absence and presence of the quencher, re-
spectively. The Ksv plot of the oligomers quenched by
AQS2� in buffer solution is shown in Figure 4. The Stern–
Volmer constants (Ksv) obtained from the linear region of
the Stern–Volmer plot of F0/F versus [AQS2�] are 2.07 J107,
2.35 J 107, 3.25 J107, 3.57 J 107, 3.89 J 107, and 6.20 J 107, for
the trimer to the heptamer and the polymer, respectively.
Such a high Ksv value is due to the static quenching by for-
mation of the ground-state complexes through charge pair-
ing.[20] Different from previous studies in which only Ksv be-
tween a small oligomer and a polymer was compared, our
study indeed provided more-detailed evidence to indicate
that there was a gradual increase in Ksv with the increased
chain length of donor molecules.[10a,21] This result suggests
that the ability of an oligomer/polymer to harvest light and
deliver excitons to the acceptors improves as the backbone
chain length increases. Higher Ksv values for larger-size mol-
ecules reflect more-efficient intra- and inter-chain electron-
transfer mechanisms with the increased chain length. This


Table 1. Summary of the absorption and emission spectra for the fluorenyl oligomers and the polymer in
methanol, water, and buffer soltion (25 mm phosphate buffer solution; pH 7.4).


Compounds Methanol Water Buffer solution
lmax (abs) lmax(em) F [%] lmax(abs) lmax (em) F [%] lmax (abs) lmax (em) F [%]


trimer 350 392 94 353 396 90 354 398 82
tetramer 364 404 90 367 408 89 372 412 72
pentamer 371 410 88 374 415 82 379 423 67
hexamer 375 412 85 380 422 70 383 426 57
heptamer 380 413 80 385 422 52 386 426 46
polymer 390 414 78 395 422 45 411 428 17
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phenomena could be explained in terms of the “molecular
wire effect” in which a single quencher can effectively
quench many repeat units for the large-size molecules.[22]


FRET experiments between the oligomers/polymer
(donor) and a low-energy acceptor were also performed. Fl
was chosen as the acceptor because there was a spectral
overlap between the absorption of Fl and the emission of
the oligomers/polymer. Fl was attached to a dsDNA to
ensure the electrostatic interaction that could bring the
donor molecules and Fl into close proximity for energy
transfer. The dsDNA was obtained through hybridization of
a Fl-labeled single-streanded (ss)DNA (5’-Fl-ATC TTG
ACT ATG TGG GTG CT-3’) with its complementary strand
(5’-AGC ACC CAC ATA GTC AAG AT-3’). A comparison
of the Fl emission intensity by excitation of the donors at
their absorption maxima is shown in Figure 5. The donor
emission tail in the Fl emission region (500–700 nm) was
subtracted from the donor-sensitized Fl emission. As shown


in Figure 5, there was an increase in Fl emission upon addi-
tion of all the donors to dsDNA-Fl ([dsDNA-Fl]=1 J
10�8


m) when [fluorene unit] was in the range of 0–4 J 10�7
m.


This observed increase in Fl emission was due to the in-
creased number of fluorene units that were associated with
dsDNA–Fl, and were within a valid FRET distance. The Fl
emission intensity almost saturated at [fluorene unit]=4 J
10�7


m, which corresponded to a charge ratio (positive charg-
es of donors to the negative charges of dsDNA) close to 1.
Within the tested donor concentration range, the most in-
tense donor-sensitized Fl emission was observed for the
hexamer, and the lowest was observed for the polymer. The
data in Figure 5 demonstrate that the intensity of donor-sen-
sitized Fl signals follows the following trend: hexamer>pen-
tamer>heptamer> tetramer� trimer>polymer. By using
the spectral data (shown in Figure S4 in the Supporting In-
formation) and the donor quantum yields in the buffer solu-
tion (shown in Table 1), the Fçrster distance (R0)


[23] was cal-
culated to be 42.8, 43.8, 44.5, 44.8, 43.9, and 37.4 N for the
trimer to heptamer and the polymer, respectively, assuming
an orientation factor (k2) of 2/3. The R0 for the polymer/flu-
orescein is similar to that of 37.2 N, which was reported for
a polyfluorene derivative/fluorescein pair.[24] According to
Figure S4 in the Supporting Information, the overlap be-
tween the emission of the trimer and the absorption of fluo-
rescein is obviously smaller that that for the others, the high
quantum yield of the trimer in buffer solution compensates
for the small spectral overlap, which leads to an R0 value
that is only slightly smaller than other oligomers. Interest-
ingly, the hexamer-sensitized Fl emission was almost two
times higher than that from the trimer, despite a lower
quantum yield for the hexamer. As the number of fluorene
units was kept constant in all the experiments, the difference
in donor-sensitized Fl emission should be mainly attributed
to the improved spectral overlap between large oligomers
and Fl. Further increases in the molecular size from the
hexamer to the polymer do not contribute to the spectral
overlap as the emission maximum reaches the limit for the
hexamer in the buffer solution. In addition to the higher
donor-sensitized Fl emission, the hexamer also provides a
higher selectivity for dsDNA-Fl/ssDNA-Fl as compared
with that for the polymer. The results are shown in Figure
S5 in the Supporting Information.


Conclusion


In summary, we have presented an efficient approach to syn-
thesize water-soluble oligofluorenes up to the heptamer
length. Both the absorption and emission maxima of the
oligomers redshifted with increased chain length, and the
emission maximum reached the limit for the hexamer. The
fluorescence quantum yields of the oligomers decreased
with increased molecular size and were higher in water than
in buffer solution. Fluorescence-quenching experiments
demonstrated higher quenching rates with increased chain
length, whereas the FRET experiments showed that the


Figure 4. Ksv plots of the oligomers and the polymer quenched by AQS2�


in 25 mm phosphate buffer solution. [fluorene unit]=2J 10�6
m.


Figure 5. Fluorescence intensity of the donor-sensitized dsDNA-Fl emis-
sion with varying oligomer/polymer concentrations based on fluorene
units. [dsDNA]=2 J 10�8


m.
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hexamer was the best donor for sensitized fluorescein emis-
sion. Comparison of the optical properties and sensing be-
haviors between the oligomers and the polymer revealed
the importance of molecular size in biosensing applications.
As compared with the oligomers, fluorescence quenching of
the polymer was more efficient, which is due to the “molec-
ular-wire effect” in which a single quencher could effectively
quench many repeat units for large molecules. For bioappli-
cations that take advantage of fluorescence quenching of
conjugated molecules, polymers could be more efficient
platforms than oligomers. On the other hand, less-efficient
signal amplification was demonstrated for the polymer,
which was due to the low quantum yield of the polymer in
buffer solution. Comparison between the polymer and the
hexamer also showed higher selectivity between ssDNA and
dsDNA for the hexamer. Designing new optical platforms
will require balancing of the properties of size, spectral over-
lap, and the quantum yield. Small molecules tend to have
higher quantum yields and are less sensitive to solvent
media (i.e. ionic strength), but they generally show less spec-
tral overlap than their larger counterparts. Large-size oligo-
mers have the advantage of high purity, high quantum
yields, little aggregation, and have shown similar spectral
overlap to acceptors as compared with polymers. The oligo-
mer approach could serve as a new strategy to provide
more-efficient donors for conjugated polymer-based bioas-
say applications.


Experimental Section


General methods : Chemicals were purchased from Aldrich and used
without further purification. 1H NMR and 13C NMR were recorded on
Bruker 400 Ultrashield.TM. Shimadzu UV-1700, UV-Vis spectrophotom-
eter was used to measure the absorption spectra. PL spectra were mea-
sured on Perkin Elmer LS55 luminescence spectrometer. The mass spec-
tra were obtained by using a Bruker Daltonics Autoflex II TOF system.
MALDI-TOF was performed by using 2, 5-dihydroxybenzoic acid
(DHB) as the matrix under the reflector mode for data acquisition. THF
and 50 % CH3OH (50 % H2O) were used as solvents for neutral and
charged compounds, respectively. 2-Bromo-9,9-bis(6’-bromohexyl)fluor-
ene (1) and 2,7-dibromo-9,9-bis(6’-bromohexyl)fluorene (4) were synthe-
sized according to the previous report.[6c,13a]


2-[9,9-Bis(6-bromohexyl)fluorenyl]-4,4,5,5-tetramethyl ACHTUNGTRENNUNG[1.3.2]dioxa-
ACHTUNGTRENNUNGborolane (2): 2-Bromo-9,9-bis(6’-bromohexyl)fluorene (1; 4.54 g,
7.95 mmol), bis(pinacolatodiboron) (3.02 g, 11.93 mmol), and potassium
acetate (2.94 g, 29.82 mmol) were placed in a 100-mL round bottom
flask. Anhydrous dioxane (80 mL) and [PdCl2 ACHTUNGTRENNUNG(dppf)] (0.20 g, 0.24 mmol)
were added to the flask and the reaction vessel was degassed. The mix-
ture was stirred at 80 8C for 12 h under nitrogen. After the mixture had
been cooled to room temperature, dioxane was removed by rotary evapo-
ration. The residue was extracted with dichloromethane, and the organic
phase was washed with water and brine, and dried over magnesium sul-
fate. The solvent was removed and the residue was purified by silica gel
column chromatography (dichloromethane/hexane =1:2) to afford 2
(3.13 g, 64 %) as white crystals. 1H NMR (400 MHz, CDCl3): d=7.83–
7.70 (m, 4 H), 7.35–7.32 (m, 3H), 3.28–3.25 (t, J= 7.2 Hz, 4 H), 2.03–1.95
(m, 4H), 1.67–1.58 (q, 4 H), 1.40 (s, 12 H), 1.18–1.16 (q, 4H), 1.05–1.03
(m, 4H), 0.63–0.55 ppm (m, 4 H); 13C NMR (100 MHz, CDCl3): d =151.1,
149.7, 144.3, 141.1, 134.0, 128.9, 127.8, 127.0, 123.0, 120.4, 119.3, 83.9,
55.1, 40.3, 34.2, 32.8, 29.2, 27.9, 25.2, 23.6 ppm; MS (EI): m/z (%): 618.90
[M+].


9,9,9’,9’-Tetrakis(6’-bromohexyl)-2,2’-bifluorene (3): A flask charged with
compound 1 (0.61 g, 0.99 mmol), compound 2 (0.58 g, 0.99 mmol), and
potassium carbonate (0.68 g, 4.93 mmol) in toluene (8 mL) and water
(3 mL) was degassed for 15 min. [Pd ACHTUNGTRENNUNG(PPh3)4] (0.02 g) was added to the
flask and the mixture was degassed for another 15 min. The mixture was
refluxed at 100 8C for 24 h and then cooled to room temperature. After
extraction with dichloromethane, the organic layer was washed with
water and brine and dried over magnesium sulfate. The solvent was re-
moved and the residue was purified by silica gel column chromatography
(dichloromethane/hexane =1:5), followed by recrystallization from
hexane to afford 3 (0.62 g, 64%) as white crystals. 1H NMR (400 MHz,
CDCl3): d=7.80–7.62 (m, 8 H), 7.38–7.26 (m, 6H), 3.30–3.26 (t, J=


6.8 Hz, 8 H), 2.07–2.04 (q, 8 H), 1.69–1.65 (m, 8H), 1.27–1.19 (q, 8H),
1.15–1.10 (q, 8H), 0.80–0.65 ppm (m, 8 H); 13C NMR (100 MHz, CDCl3):
d=151.6, 151.0, 141.2, 141.0, 140.8, 127.5, 127.4, 126.6, 123.3, 121.7, 120.4,
120.2, 55.5, 40.6, 34.1, 33.0, 29.4, 28.1, 24.0 ppm; MS (MALDI-TOF):
m/z(%): 982.11 [M].


2,7-Bis ACHTUNGTRENNUNG[9,9’-bis(6’’-bromohexyl)fluorenyl]-4,4,5,5-tetramethyl ACHTUNGTRENNUNG[1.3.2]dioxa-
ACHTUNGTRENNUNGborolane (5): Compound 4 (2.38 g, 3.57 mmol), bis(pinacolato)diboron
(2.72 g, 10.72 mmol), and potassium acetate (2.64 g, 26.8 mmol) were
placed in a 100-mL round bottom flask. Anhydrous dioxane (60 mL) and
[PdCl2 ACHTUNGTRENNUNG(dppf)] (0.18 g, 0.21 mmol) were added to the flask, and the reac-
tion vessel was degassed for 15 min. The mixture was stirred at 80 8C for
12 h under nitrogen. After the mixture had been cooled to room temper-
ature, dioxane was removed by rotary evaporation. The residue was ex-
tracted with dichloromethane, and the organic phase was washed with
water and brine, and dried over magnesium sulfate. The solvent was re-
moved and the residue was purified with silica gel column chromatogra-
phy (dichloromethane/hexane =1:2), followed by recrystallization from
hexane to afford 5 (1.05 g, 52%) as white crystals. 1H NMR (400 MHz,
CDCl3): d=7.83–7.71 (m, 6 H), 3.27–3.23 (t, J=6.9 Hz, 4H), 2.03–1.99
(m, 4 H), 1.64–1.57 (q, J =7.0 Hz, 4H), 1.39 ACHTUNGTRENNUNG(s, 24H), 1.17–1.13 (q, 4H),
1.06–1.02 (q, 4H), 0.71–0.67 ppm (q, 4 H); 13C NMR (100 MHz, CDCl3):
d=150.3, 144.1, 134.0, 128.9, 119.7, 84.0, 55.2, 40.1, 34.2, 32.8, 29.2, 27.9,
23.6 ppm; MS (EI): m/z (%): 744 [M+].


7-Bromo-9,9,9’,9’-tetrakis(6’-bromohexyl)-2,2’-bifluorene (6): A flask con-
taining compound 2 (2.54 g, 4.10 mmol), compound 4 (4.13 g, 6.19 mmol),
and potassium carbonate (2.86 g, 20.75 mmol) in toluene (30 mL) and
water (10 mL) was degassed for 15 min. [Pd ACHTUNGTRENNUNG(PPh3)4] (0.011 g) was added
to the flask and the mixture was degassed for another 15 min. The mix-
ture was kept at approximately 100 8C for 24 h and cooled to room tem-
perature. After extraction with dichloromethane, the organic layer was
washed with water and brine, and then dried over magnesium sulfate.
The solvent was removed and the residue was purified by silica gel
column chromatography (dichloromethane/hexane=1:5) followed by re-
crystallization from hexane to afford 6 (2.83 g, 65%) as a light-yellow
solid. 1H NMR (400 MHz, CDCl3): d=7.86–7.79 (m, 3 H), 7.74–7.64 (m,
5H), 7.55 (s, 2 H), 7.43–7.23 (m, 3H), 3.34–3.29 (t, J=6.4 Hz, 8H), 2.12–
2.07 (m, 8 H), 1.74–1.68 (m, 8 H), 1.28–1.14 (m, 16H), 0.79–0.73 ppm (m,
8H); 13C NMR (100 MHz, CDCl3): d=153.1, 151.4, 151.0, 150.8, 141.2,
140.9, 140.8, 140.4, 140.0, 139.5, 130.4, 129.3, 128.5, 127.5, 127.2, 126.7,
126.5, 126.4, 125.6, 123.1, 121.4, 120.4, 120.3, 120.1, 55.6, 55.3, 40.4, 34.2,
32.8, 29.2, 27.9, 23.8 ppm; MS (MALDI-TOF): m/z (%): 1061.61 [M].


9,9,9’,9’,9’’,9’’-Hexakis(6’-bromohexyl)-2,2’-7’,2’’-terfluorene (7): Com-
pound 7 was prepared according to the method for 6 by using compound
2 (2.54 g, 4.10 mmol), compound 4 (1.37 g, 2.05 mmol), potassium carbon-
ate (2.86 g, 20.75 mmol), and [Pd ACHTUNGTRENNUNG(PPh3)4] (30 mg) in toluene (20 mL) and
water (10 mL). Column chromatography (hexane/dichloromethane =3:1)
over silica gel yielded 7 (2.26 g, 75%) as an oily product. 1H NMR
(400 MHz, CDCl3): d=7.80–7.63 (m, 14H), 7.41–7.30 (m, 6H), 3.30–3.27
(t, J=6.4 Hz, 12H), 2.18–2.00 (m, 12H), 1.75–1.63 (q, 12H), 1.30–1.05
(m, 24 H), 0.85–0.65 ppm (m, 12H); 13C NMR (100 MHz, CDCl3): d=


152.1, 151.8, 151.1, 141.1, 141.0, 140.5, 127.7, 126.5, 123.3, 121.8, 120.5,
120.4, 55.5, 40.6, 34.1, 33.0, 29.5, 28.2, 24.0 ppm; MS (MALDI-TOF): m/z
(%): 1472.62 [M]; elemental analysis calcd (%) for C75H92Br6: C 61.16, H
6.30; found: C 61.76, H 6.33.


7,7’-Dibromo-9,9,9’,9’-tetrakis (6-bromohexyl)-2,2’-bifluorene (8): Com-
pound 3 (1.13 g, 1.15 mmol) and dichloromethane (15 mL) were added
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together in a 100-mL round bottom flask in an ice bath. Bromine (0.37 g,
2.30 mmol) in dichloromethane (10 mL) was added dropwise. The mix-
ture was stirred at room temperature for 20 h. A diluted potassium hy-
droxide solution (3 %, ca. 25 mL) was added to quench the reaction. The
organic layer was separated and washed with water and brine and dried
over magnesium sulfate. The solvent was removed and the residue was
recrystallized in a mixture of dichloromethane and hexane to afford 8
(0.79 g, 60 %) as a light-yellow solid. 1H NMR (400 MHz, CDCl3): d=


7.80–7.49 (m, 12H), 3.30–3.27 (t, J=6.8 Hz, 8H), 2.10–1.98 (m, 8H),
1.72–1.64 (q, J= 7.2 Hz, 8 H), 1.30–1.06 (m, 16 H), 0.75–0.65 ppm (m,
8H); 13C NMR (100 MHz, CDCl3): d=153.3, 151.3, 141.2, 140.2, 139.9,
130.6, 126.9, 126.6, 121.6, 120.6, 55.9, 40.5, 33.0, 29.4, 28.1, 24.0; MS
(MALDI-TOF): m/z (%): 1139.89 [M].


7,7’’-Dibromo-9,9,9’,9’,9’’,9’’-hexakis(6-bromohexyl)-2,2’-7’,2’’ terfluorene
(9): Compound 9 was prepared according to the method for 8 by using
compound 7 (1.08 g, 0.74 mmol) and bromine (0.37 g, 2.3 mmol). The
product was purified using silica gel column chromatography (hexane/tol-
uene=3:1), which was followed by recrystallization from acetone at 4 8C
to afford 9 as a yellowish solid (0.54 g, 45 %). 1H NMR (300 MHz,
CDCl3): d=7.95–7.20 (m, 18 H), 3.41–3.20 (m, 12H), 2.25–2.05 (m, 12H),
1.80–1.60 (m, 12H), 1.35–1.20 (m, 12H), 1.25–1.15 (m, 12 H), 0.80–
0.60 ppm (m, 12H); 13C NMR (75 MHz, CDCl3): d =152.9, 151.5, 150.8,
141.0, 140.4, 140.2, 139.8, 139.4, 130.2, 126.5, 126.4, 126.2, 121.3, 120.2,
55.5, 40.2, 33.9, 32.5, 29.1, 27.8, 25.0, 23.6 ppm; MS (MALDI-TOF): m/z
(%): 1630.14 [M].


2-[9,9,9’,9’-Tetrakis(6’-bromohexyl)-7,2’-bifluorenyl-2-yl]-4,4,5,5-tetra-
ACHTUNGTRENNUNGmethyl ACHTUNGTRENNUNG[1.3.2]dioxaborolan (10): Compound 10 was prepared according to
the procedure used for 2 by using compound 6 (1.28 g, 1.20 mmol), bis(pi-
nacolato)diboron (0.46 g, 1.81 mmol), potassium acetate (0.45 g,
4.52 mmol), and [PdCl2 ACHTUNGTRENNUNG(dppf)] (40 mg) in anhydrous dioxane (12 mL).
Purification with silica gel column chromatography (hexane/toluene=


3:1) yielded 10 (0.78 g, 58%) as a white solid .1H NMR (400 MHz,
CDCl3): d=7.73–7.60 (m, 10 H), 7.37–7.30 (m, 3H), 3.29–3.24 (t, J=


6.4 Hz, 8H), 2.09–2.04 (m, 8H), 1.70–1.61 (m, 8H), 1.40 (s, 12H), 1.25–
1.05 (m, 16 H), 0.75–0.60 ppm (m, 8H); 13C NMR (100 MHz, CDCl3) d=


152.2, 151.5, 151.0, 150.2, 144.3, 141.5, 141.2, 141.0, 140.5, 134.5, 129.3,
128.1, 127.9, 127.4, 123.3, 121.7, 120.8, 120.4, 120.2, 119.5, 84.2, 55.6–55.5,
40.6–40.5, 34.1, 33.0, 29.5, 28.1, 25.4, 24.0–23.9 ppm; MS (MALDI-TOF):
m/z (%): 1108.24 [M].


7,7’-Bis(4,4,5,5-tetramethyl ACHTUNGTRENNUNG[1.3.2]dioxaborolan-2-yl)-9,9,9’,9’-tetra(6’-bro-
mohexyl)-2,2’-bifluorene (11): Compound 11 was prepared according to
the procedure used for 5 by using compound 8 (2.6 g, 2.28 mmol), bis(pi-
nacolato)diboron (1.73 g, 6.84 mmol), potassium acetate (1.69 g,
17.12 mmol), and [PdCl2ACHTUNGTRENNUNG(dppf)] (0.12 g) in anhydrous dioxane (40 mL).
Purification by using silica gel column chromatography (hexane/tolu-
ene=3:1) yielded 11 (1.24 g, 44 %) as a white solid. 1H NMR (500 MHz,
CDCl3): d=7.81–7.61 (m, 12H), 3.28–3.25 (t, J=7.0, 8 H), 2.07–2.05 (m,
8H), 1.68–1.62 (q, J=7.0, 8 H), 1.41 (s, 24H), 1.22–1.19 (q, 8 H), 1.10–
1.08 (q, 8H), 0.72–0.67 ppm (q, J=7.6, 8 H); 13C NMR (125 MHz, CDCl3)
d=151.8, 149.8, 143.8, 140.9, 140.3, 134.0, 128.8, 126.3, 121.3, 120.5, 119.2,
83.8, 55.2, 40.1, 33.9, 32.6, 29.0, 27.7, 25.0, 23.5 ppm; MS (MALDI-TOF):
m/z (%): 1234.367 [M].


9,9,9’,9’,9’’,9’’,9’’’,9’’’-Octakis(6-bromohexyl)-2,2’-7’,2’’-7’’,2’’’-tetrafluorene
(12): Compound 12 was synthesized according to the same procedure for
7 by using compound 8 (468 mg, 0.41 mmol), compound 2 (506 mg,
0.82 mmol), potassium carbonate (675 mg, 4.93 mmol), and [PdCl2ACHTUNGTRENNUNG(dppf)]
(20 mg) in a mixture of toluene (8 mL) and water (3 mL). After reaction
for 24 h at 85 8C, the mixture was cooled down to room temperature.
After evaporation of toluene, dichloromethane (ca. 20 mL) was added to
the reaction mixture and the organic layer was washed with water fol-
lowed by brine and then dried over magnesium sulfate. The solvent was
removed and the residue was purified with silica gel column chromatog-
raphy (dichloromethane/hexane=1:4), followed by recrystallization from
hexane to afford 12 (418 mg, 52 %) as a pale yellow solid. 1H NMR
(400 MHz, CDCl3): d=7.86–7.64 (m, 20H), 7.37–7.31 (m, 6H), 3.30–3.24
(t, J= 6.8 Hz, 16 H), 2.18–2.05 (m, 16 H), 1.72–1.64 (m, 16H), 1.31–1.10
(m, 32 H), 0.90–0.65 ppm (m, 16H); 13C NMR (100 MHz, CDCl3): d=


151.9, 151.6, 151.0, 141.2, 140.9, 140.5, 127.5, 127.4, 126.8, 126.6, 123.3,


121.7, 120.5, 120.2, 55.7–55.5, 40.6, 34.1, 33.0, 29.4, 28.1, 24.0 ppm; MS
(MALDI-TOF) 1963.44 [M]; elemental analysis calcd (%) for
C100H122Br8: C 61.18, H 6.26; found: C 61.22, H 6.30.


9,9,9’,9’,9’’,9’’,9’’’,9’’’,9’’’’,9’’’’-Decakis(6’-bromohexyl)-2,2’-7’,2’’-7’’,2’’’-7’’’,
2’’’’-pentafluorene (13): Compound 13 was synthesized according to the
same procedure used for 7 by using compound 6 (594 mg, 0.56 mmol),
compound 5 (190 mg, 0.28 mmol), potassium carbonate (800 mg,
5.84 mmol), and [PdCl2 ACHTUNGTRENNUNG(dppf)] (15 mg) in a mixture of tetrahydrofuran
(10 mL) and water (4 mL). After reaction for 24 h at 85 8C, the mixture
was cooled down to room temperature. After evaporation of tetrahydro-
furan, dichloromethane (ca. 20 mL) was added to the reaction mixture,
and the organic layer was washed with water followed by brine, and then
dried over magnesium sulfate. The solvent was removed and the residue
was purified with silica gel column chromatography (dichloromethane/
hexane=1:3) to afford 13 (200 mg, 27%) as a pale yellow solid. 1H NMR
(300 MHz, CDCl3): d=7.95–7.60 (m, 26H), 7.45–7.30 (m, 6H), 3.31–3.27
(t, J= 6.6 Hz, 20 H), 2.20–2.00 (m, 20 H), 1.80–1.60 (m, 20H), 1.35–1.10
(m, 40H), 0.90–0.65 ppm (m, 20H); 13C NMR (75 MHz, CDCl3): d=


151.4, 151.1, 150.6, 140.7, 140.4, 140.1, 127.1, 126.9, 122.8, 121.3, 121.2,
120.1, 120.0, 119.8, 55.3–55.1, 40.2, 34.0, 32.6, 29.0, 27.7, 23.7 ppm; MS
(MALDI-TOF): m/z (%): 2453.93 [M]; elemental analysis calcd (%) for
C125H152Br10: C 61.19, H 6.24; found: C 61.08, H 6.26.


9,9,9’,9’,9’’,9’’,9’’’,9’’’,9’’’’,9’’’’,9’’’’’,9’’’’’-Dodecakis(6-bromohexyl)-2,2’-7’,2’’-
7’’,2’’’-7’’’,2’’’’-7’’’’,2’’’’’-hexafluorene (14): Compound 14 was synthesized
according to the same procedure for 7 by using compound 11 (239 mg,
0.19 mmol), compound 6 (411 mg, 0.39 mmol), potassium carbonate
(820 mg, 6.00 mmol), tetrabutylammonium bromide (0.05 g), and [PdCl2-
ACHTUNGTRENNUNG(dppf)] (15 mg) in a mixture of tetrahydrofuran (10 mL) and water
(4 mL). After reaction for 24 h at 85 8C, the mixture was cooled down to
room temperature. After evaporation of tetrahydrofuran, dichlorome-
thane (ca. 20 mL) was added to the reaction mixture, and the organic
layer was washed with water followed by brine, and then dried over mag-
nesium sulfate. The solvent was removed and the residue was purified
with silica gel column chromatography (dichloromethane/hexane =1:3) to
afford 14 (170 mg, 30%) as a pale yellow solid. 1H NMR (400 MHz,
CDCl3): d=7.89–7.63 (m, 32 H), 7.36–7.31 (m, 6H), 3.31–3.27 (br, 24H),
2.20–2.00 (br, 24H), 1.70–1.60 (br, 24H), 1.27–1.10 (br, 48 H), 0.90–
0.65 ppm (br, 24H); 13C NMR (100 MHz, CDCl3): d= 151.9, 151.6, 151.0,
141.2, 141.0, 140.5, 127.5, 127.4, 126.8, 126.6, 123.2, 121.8, 120.5, 120.2,
55.7–55.5, 40.6, 34.1, 33.0, 29.4, 28.1, 24.1–24.0 ppm; MS (MALDI-TOF):
m/z (%): 2943.44 [M]; elemental analysis calcd (%) for C150H182Br12 : C
61.20, H 6.23; found: C 61.87, H 6.30.


9,9,9’,9’,9’’9’’9’’’,9’’’,9’’’’,9’’’’,9’’’’’,9’’’’’,9’’’’’’,9’’’’’’-Tetradecakis-(6-bromohex-
yl)-2,2’-7’,2’’-7’’,2’’’-7’’’,2’’’’-7’’’’,2’’’’’-7’’’’’,2’’’’’’-heptafluorene (15): Com-
pound 15 was synthesized by using compound 9 (0.23 g, 0.14 mmol) and
compound 10 (0.3 g, 0.28 mmol), according to the same procedure as for
14, to yield 15 (0.13 g, 27%) as a yellowish solid. 1H NMR
(300 MHz,CDCl3): d =7.85–7.35 (m, 44H), 3.30–3.20 (m, 28H), 2.20–2.05
(m, 28 H), 1.70–1.67 (m, 28 H), 1.28–1.18 (br, 56 H), 0.85–0.70 ppm (m,
28H); 13C NMR (75 MHz, CDCl3): d=151.9, 151.5, 151.0, 141.0, 140.5,
127.0, 126.8, 123.2, 121.8, 120.5, 55.7, 40.6, 34.2, 33.0, 29.4, 28.1, 24.1 ppm;
MS (MALDI-TOF): m/z (%): 3434.46 [M]; elemental analysis calcd (%)
for C175H212Br14 : C 61.20, H 6.23; found: C 61.76, H 6.38.


9,9,9’,9’,9’’,9’’Hexakis ACHTUNGTRENNUNG(6’’-(N,N,N-trimethylammonium)hexyl)-2,2’-7’,2’’ter-
fluorenyl hexabromide (16): Condensed trimethylamine (ca. 2 mL) was
added dropwise to a solution of compound 7 (1.0 g, 0.68 mmol) in THF
(15 mL) at �78 8C. The mixture was allowed to warm up to room temper-
ature. The precipitate was re-dissolved by the addition of methanol
(10 mL). After the mixture was cooled down to �78 8C, extra trimethyl-
ACHTUNGTRENNUNGamine (ca. 2 mL) was added and the mixture was stirred for 24 h at room
temperature. After the solvent had been removed, acetone was added to
precipitate 16 (0.75 g, 60%) as a light yellow powder. 1H NMR
(300 MHz, CD3OD): d =8.46–8.32 (m, 14H), 8.00–7.88 (m, 6H), 3.83–
3.77 (br, 12H), 3.58 (s, 54H), 2.85–2.60 (br, 12H), 2.12 (br, 12H), 1.70
(br, 12H), 1.35–1.10 ppm (br, 12H); 13C NMR (75 MHz, CD3OD): d=


152.9, 152.5, 151.9, 142.2, 142.0, 141.6, 128.4, 128.2, 127.4, 124.1, 122.2,
121.4, 120.9, 67.6, 56.7, 53.6, 41.3, 30.3, 26.9, 25.0, 23.8 ppm; MS
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(MALDI-TOF): m/z (%): 529.30 [M�3Br]3+ , 377.01 [M�4 Br]4+ , 285.60
[M�5Br]5+ .


9,9,9’,9’,9’’,9’’,9’’’,9’’’-Octakis ACHTUNGTRENNUNG(6’’-(N,N,N-trimethylammonium)hexyl)-2,2’-
7’,2’’-7’’,2’’’-tetrafluorenyloctabromide (17): Compound 17 was synthe-
sized according to the procedure for 16 by allowing compound 12
(100 mg, 0.05 mmol) to react with trimethylamine (2 mL) for 24 h. After
the solvent had been removed, acetone was added to precipitate 17
(76 mg, 62%) as a white solid. 1H NMR (300 MHz, CD3OD): d=8.47–
8.31 (m, 20 H), 8.01–7.89 (m, 6 H), 3.84–3.77 (br, 16H), 3.59 (s, 72H),
2.80–2.69 (br, 16 H), 2.15 (br, 16H), 1.73 (br, 16 H), 1.32 ppm (br, 16H);
13C NMR (75 MHz, CD3OD): d=152.9, 152.5, 151.9, 142.3, 142.1, 141.6,
128.4–128.3, 127.4, 124.1, 122.2, 121.3, 120.9, 67.7, 56.7, 53.6, 41.2, 30.4,
26.9, 25.0, 23.8 ppm; MS (MALDI-TOF): m/z (%): 324.40 [M�6Br]6+ ,
268.12 [M�7Br]7+ , 224.96 [M�8 Br]8+ .


9,9,9’,9’,9’’,9’’,9’’’,9’’’,9’’’’,9’’’’-Decakis-(6’’-(N,N,N-trimethylammonium)hex-
yl)-2,2’-7’,2’’-7’’,2’’’-7’’’,2’’’’-pentafluorenyl decabromide (18): Compound
18 was synthesized according to the procedure for 16 by allowing com-
pound 13 (100 mg, 0.04 mmol) to react with trimethylamine (2 mL) for
24 h. After the solvent had been removed, acetone was added to precipi-
tate 18 (80.7 mg, 65 %) as a white solid. 1H NMR (300 MHz, CD3OD):
d=8.47–8.31 (m, 26H), 7.99–7.89 (m, 6H), 3.80–3.60 (m, 20 H), 3.59 (s,
90H), 2.85–2.65 (br, 20 H), 2.15 (br, 20H), 1.76 (br, 20H), 1.32 ppm (br,
20H); 13C NMR (75 MHz, CD3OD): d =152.9, 152.5, 152.2, 142.3, 142.1,
141.7, 142.3, 142.1, 141.7, 128.4, 127.4, 124.1, 122.2, 121.4, 120.9, 67.7,
56.7, 53.6, 41.2, 30.5, 27.0, 25.1, 23.8; MS (MALDI-TOF): m/z (%):
2968.09 [M�Br]+ , 306.09 [M�8 Br]8+ , 225.9 [M�10Br]10+ .


9,9,9’,9’,9’’,9’’,9’’’,9’’’,9’’’’,9’’’’,9’’’’’,9’’’’’-Dodecakis-(6’’-(N,N,N-trimethylam-
monium)hexyl)-2,2’-7’,2’’-7’’,2’’’-7’’’,2’’’’-7’’’’,2’’’’’-hexafluorenyl dodecabro-
mide (19): Compound 19 was synthesized according to the procedure for
16 by allowing compound 14 (50 mg, 0.016 mmol) to react with trimethyl-
amine (2 mL) for 24 h. After the solvent had been removed, acetone was
added to precipitate 19 (35 mg, 60%) as a light yellow solid. 1H NMR
(300 MHz, CD3OD): d =8.54–8.42 (br, 32H), 8.07–7.98 (br, 6 H), 3.87 (br,
24H), 3.67 (s, 108 H), 3.00–2.85 (br, 24H), 2.2 (br, 24 H), 1.81 (br, 48H),
1.40 ppm (br, 24H); 13C NMR (75 MHz, CD3OD): d =152.1, 151.7, 151.1,
141.5, 141.3, 140.1, 127.6–127.5, 126.6, 123.3, 121.4, 120.6, 120.1, 66.9,
55.9, 52.7, 40.5, 29.6, 26.1, 24.3, 22.9 ppm; MS (MALDI-TOF): m/z (%):
441.79 [M�7 Br]7+ , 377.36 [M�8 Br]8+ , 254.06 [M�11 Br]11+ , 224.54
[M�12Br]12+ .


9,9,9’,9’,9’’,9’’,9’’’,9’’’,9’’’’,9’’’’,9’’’’’,9’’’’’,9’’’’’’,9’’’’’’-Tetradecakis ACHTUNGTRENNUNG(6’’-(N,N,N-tri-
methylammonium)hexyl)-2,2’-7’,2’’-7’’,2’’’-7’’’,2’’’’-7’’’’,2’’’’’-7’’’’’,2’’’’’’-hepta-
fluorenyl tetradecabromide (20): Compound 20 was synthesized accord-
ing to the procedure for 16 by allowing compound 15 (20 mg,
0.006 mmol) to react with trimethylamine (2 mL) for 24 h. After the sol-
vent had been removed, acetone was added to precipitate 20 (16 mg,
65%) as a yellowish solid. 1H NMR (400 MHz, CD3OD): d=8.53–8.37
(br, 38 H), 8.05–7.96 (br, 6H), 3.93 (br, 28 H), 3.65 (s, 126 H), 3.00–2.89
(br, 28H), 2.15 (br, 28H), 1.75 (br, 56H), 1.40 ppm (br, 28H); 13C NMR
(75 MHz, CD3OD): d =152.0, 151.5, 140.5, 128.7, 126.6, 123.3, 121.2,
120.4, 120.1, 66.8, 55.7, 52.7, 40.2, 29.6, 25.7, 24.2, 22.4 ppm; MS
(MALDI-TOF): m/z (%): 1339.04 [M�3 Br]3+ , 985.23 [M�4Br]4+ , 772.28
[M�5Br]5+ , 629.82 [M�6 Br]6+ .
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