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organic gelators. In addition to forming hydrogen-bonded
molecular duplex strands, abundant hydrogen-bonding sites
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High-Nitrogen Compounds
High-nitrogen compounds deliver the energy for novel high
explosives, advanced propellants, and erosion-reduced gun-
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eters of 1,2,4-triazolium-cation-based energetic salts.


Metathesis
In their Concepts article on page 5716 ff., T. Donohoe et al.
describe ring-closing metathesis as a powerful tool for the
construction of a variety of aromatic heterocycles. The
approaches to five- and six-membered motifs that contain
both nitrogen and oxygen are described.
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Introduction


Alkene metathesis, in all its various guises, has had a pro-
found impact on the formation of carbon�carbon double
bonds and upon the area of total synthesis in recent
years.[1–6] The wealth of synthetic transformations that can
be accomplished is astonishing and there are countless appli-
cations of metathesis to form complex molecules. The intra-
molecular variant of this reaction (ring-closing metathesis,
RCM) has received a significant amount of attention as it
provides efficient access to numerous carbo- and heterocy-
cles.[7–11] The popularity of this powerful transformation can
be largely attributed to the rational design of air-stable and
well-defined catalysts which are tolerant of a range of func-
tional groups. In particular, the commercially available
ruthenium carbene catalysts 1,[12,13] 2,[14] and 3,[15] as well as
the molybdenum alkylidene complex 4 developed by the
Schrock group,[16] have achieved widespread use to promote
a range of cyclisations (Figure 1).


An interesting application which has recently captured
the attention of organic chemists is the use of RCM to form
aromatic carbocycles[17–28] and heterocycles. The develop-
ment of flexible routes to aromatic motifs continues to be of
significant interest to synthetic chemists given the impor-
tance of these structures in biology and in the pharmaceuti-
cal industry. As a result of this interest, this area has ad-
vanced rapidly over the past few years; there are several es-
tablished methods to construct furans and pyrroles, as well
as benzofurans and indoles. More recently, syntheses of six-
membered heteroaromatic structures have been reported
using this strategy. A selection of these approaches is high-
lighted herein.


Construction of Furans and Pyrroles


An early strategy employed to gain access to aromatic com-
pounds using the RCM transformation was to perform an al-
lylic oxidation on the newly formed cyclic olefin. This oxida-
tion has been observed by a number of research groups; re-
cently, P;rez-Castells and co-workers reported that the ring-
closing enyne metathesis of compound 5 resulted in the for-
mation of the pyrrole 7 in addition to the desired diene 6
(Scheme 1).[29]


Similarly, Xiao and co-workers reported the isolation of
significant amounts of the corresponding aromatic pyrroles
whilst attempting to synthesise a series of 3-pyrrolines under
microwave conditions (Scheme 2).[30] The group explored
this microwave assisted strategy further and discovered that
the extent of aromatisation could be controlled by varying
the substituent on nitrogen. In the case of chiral diallyl-
ACHTUNGTRENNUNGamines such as 8, the 3-pyrroline 9 was obtained as the
major product; however, when substituted aromatic amines
were subjected to the same conditions the aromatic pyrrole
was isolated as the sole product in excellent yield.


Nay and co-workers reported a similar unexpected dehy-
drogenation arising from the ring-closing enyne metathesis
of 4-oxo-1,6-enynes (Scheme 3).[31] The enyne metathesis
and deprotection provided a mixture of the desired dihydro-
furan 14, as well as a significant amount of the aromatised
furan 15. The group examined the origin of the oxidation
and established that neither spontaneous oxidation of dihy-
drofuran 14 in refluxing dichloromethane (air atmosphere)


Abstract: Olefin metathesis has been established as an
important and general reaction in synthetic organic
chemistry. Recently, it has attracted interest as a power-
ful tool for the construction of aromatic heterocycles.
The importance of heteroaromatic motifs in medicinal
chemistry and biology, as well as the efficiency and
wealth of metathesis transformations, have resulted in
significant success in this rapidly developing area.


Keywords: furans · heterocycles · indoles · metathesis ·
pyridine · pyrroles
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Figure 1. Commercially available ruthenium- and molybdenum-based cat-
alysts.


Scheme 1. Ring-closing enyne metathesis for the formation of pyrroles.
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or dehydrogenation in the presence of fresh catalyst 1 were
possible. It was therefore proposed that the dehydrogena-
tion was catalysed by a product of decomposition of the cat-
alyst resulting from excessive heating.


Pujol and co-workers adopted a sequential RCM and oxi-
dation procedure to assemble the core of N-arylpyrrole 18
(Scheme 4).[32] The RCM with Grubbs first generation cata-
lyst 1 provided the dihydropyrrole 17, and the dehydrogena-
tion was accomplished with palladium on carbon to provide
the pyrrole 18 in excellent yield.


The potential of this coupled RCM and oxidation strategy
drew the attention of the Stevens group, and in 2004 they
developed a more general method for preparing pyrroles
using a tandem Grubbs carbene/RuCl3 catalytic system.[33]


This combination of ring closure and dehydrogenation pro-
moted by RuCl3 provided the corresponding pyrroles in
moderate yields (Scheme 5). It was found that the basicity
of the N-atom also played a crucial role in the dehydrogena-


tion mediated by RuCl3; unfortunately, when amines with
electron-withdrawing protecting groups (e.g., Tosyl, Boc,
Ac) were subjected to these conditions the oxidation was
suppressed and only the corresponding pyrrolines were re-
covered.


A marked improvement to this procedure was realised by
employing the potent hydrogen acceptor tetrachloro-1,4-
benzoquinone (23) as the oxidant in place of RuCl3.


[34] Now
the desired aromatic heterocycles could be obtained effi-
ciently and in excellent yield (Scheme 6).


In 2007, the Stevens group expanded this strategy further
to allow access to 2-phosphono pyrroles using a tandem
ring-closing enyne metathesis/oxidation approach
(Scheme 7).[35] The sequence consisted of ring-closing enyne
metathesis of a substituted aminophosphonate using pre-
ACHTUNGTRENNUNGcatalyst 2, in combination with in situ oxidation using tetra-
chloro-1,4-benzoquinone (23). Pyrrole 25 was formed in ex-
cellent yield and exclusively as the E isomer; however, all
the other pyrroles examined were formed as a mixture of
E/Z isomers.


Whilst the oxidation strategy has provided some promis-
ing results for the formation of certain aromatic compounds,
there is no general approach to the formation of these sys-
tems which has the flexibility to readily install a range of
substituent patterns and functional groups. Thus, alternative
aromatisation tactics have been explored to accomplish effi-
cient and adaptable routes to aromatic heterocycles.


Scheme 2. Formation of pyrroles under microwave conditions.


Scheme 3. Unexpected dehydrogenation to form furans.


Scheme 4. RCM/oxidation strategy for the synthesis of pyrrole 18.


Scheme 5. Tandem Grubbs carbene/RuCl3 catalytic system for the forma-
tion of pyrroles.


Scheme 6. Stevens tetrachloro-1,4-benzoquinone (23) oxidising system for
the formation of pyrroles.
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Another strategy to access aromatic compounds following
RCM is to equip the acyclic precursor with a leaving group
so that a subsequent elimination will reveal the aromatic
core. In 1999, Harrity and co-workers were investigating the
efficacy of using RCM to form spirocycles by the execution
of two tandem metatheses on the alkene 28 (Scheme 8).[36]


This elegant approach provided spirocycle 29 in excellent
yield under mild conditions, and without competing forma-
tion of the seven-membered ring system. In order to illus-
trate that these systems could not have been forged under
acidic conditions, the spirocycle 29 was treated with p-TsOH
and indeed was found to decompose to the furan 30. How-
ever, this novel strategy for the formation of furans was not
investigated any further.


This approach captured the attention of the Donohoe
group in 2005, who strived to expand the scope of this single
reaction to form a general and mild strategy to synthesise
substituted aromatic heterocycles. A successful protocol was
developed to access a range of substituted furans by synthe-
sising the corresponding unsymmetrical acetals 32
(Scheme 9).[37,38] These acetals were readily produced from
the allylic alcohols 31 by coupling with methoxyallene under
palladium catalysis conditions.[39–41] The RCM reactions pro-
ceeded in excellent yields using catalyst 2 and the dihydro-
furan 33 collapsed to reveal the aromatic compound upon
treatment with TFA.


This mild and flexible approach was employed to form a
series of 2,3-substituted furans containing aryl, alkyl and car-
bonyl functional groups (Scheme 10). The strategy was also
extended to the synthesis of some linked biaryl compounds;


this was achieved in the case of the bisfuran 40 by executing
two tandem couplings and metathesis/aromatisation process-
es.


The feasibility of expanding the scope of this method to
include the synthesis of protected pyrroles was investigated
and resulted in the successful formation of a number of de-
rivatives (Scheme 11). Furthermore, an additional substitu-
ent could also be incorporated at the 4-position of the aro-
matic compound by carrying out the palladium(0) coupling
of amine 44 with methoxyallene in the presence of iodoben-
zene.


In 2007, Rutjes and co-workers demonstrated that this
procedure was also applicable to the synthesis of trifluoro-
methyl-substituted pyrroles (Scheme 12).[42] Such derivatives
represent a class of compounds of interest in the pharma-
ceutical industry and can be difficult to access using other
methods.


In the same year, the Donohoe group explored an alter-
native disconnection of the furan core (Scheme 13).[43] This
approach utilised RCM to forge the 2,3-carbon bond of the


Scheme 7. Ring-closing enyne metathesis/oxidation strategy for the for-
mation of 2-phosphono pyrroles.


Scheme 8. Decomposition of spirocycle 29 under acidic conditions to pro-
vide furan 30.


Scheme 9. Synthesis of 2,3-disubstituted furans by elimination of a suit-
ACHTUNGTRENNUNGable leaving group.


Scheme 10. Donohoe synthesis of substituted furans.
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heterocycle and required efficient access to a range of acy-
clic enol ethers 54.


Diol mono-ethers 56 were constructed using the indium-
mediated addition of allyl ethyl ether 55 to a range of alde-
hydes (Scheme 14).[44] These alcohols were then transformed


into esters using the corresponding acid chloride and a sub-
sequent olefination under Takai–Utimoto conditions provid-
ed the desired enol ether 54.[45,46]


The enol ether–olefin RCM was then executed using cata-
lyst 2 and 3 and the elimination was carried out in situ to
provide the functionalised furans in reasonable yields
(Scheme 15). Considering the final furan product, it is note-
worthy that the R1 substituent is derived from an aldehyde
and R4 originates from an acid chloride; thus, this powerful
strategy allows the installation of groups at the 2- and 5-po-
sitions with great flexibility. The procedure was also extend-
ed to the synthesis of trisubstituted furan 63, albeit in lower
yield.


Another interesting strategy to effect the aromatisation is
the base induced elimination of sulfonyl leaving groups.
Lamaty and co-workers utilised this strategy in 2004 and de-
veloped a new route to 2-substituted 3-methoxycarbonyl
pyrroles 70 (Scheme 16).[47] The group employed a three
component aza version of the Baylis–Hillman reaction to
produce b-aminoesters 67. Treatment of these amines with
allyl bromide and a subsequent RCM provided the dihydro-
pyrrole 69 in good yield. It was found that the aromatisation
of 69 provided optimum yields with tBuOK in DMF and
this process delivered a range of substituted pyrroles 70.


An additional strategy to impart aromaticity is to have an
adjacent p system, so that reorganisation of the double
bonds by isomerisation provides the new aromatic ring. This
process was observed by P;rez-Castells and co-workers in
2002 when the group were attempting to synthesise pyrrolo-
ACHTUNGTRENNUNG[1,2-a]indoles (Scheme 17).[48] In the case of diene 72, the
product isolated from the RCM reaction was the pyrrole 73
whereby the indole olefin had shifted to form a new aromat-
ic heterocycle. Interestingly, this was the only example re-
ported to isomerise in this fashion.


Scheme 11. Synthesis of substituted pyrroles.


Scheme 12. Rutjes synthesis of a trifluoromethyl-substituted pyrrole.


Scheme 13. Possible disconnections of the furan core.


Scheme 14. Formation of enol ethers.


Scheme 15. Donohoe synthesis of substituted furans from enol ethers.
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Construction of Benzofurans and Indoles


The use of RCM to form a new ring that is fused to an exist-
ing unsaturated framework can result in the formation of a
new aromatic ring as a consequence of the structure of the
metathesis product. In 1993, Sçderberg and co-workers dis-
covered that, upon heating, the N-arylamino-substituted
chromium carbene 76 was converted into the corresponding
indole 77 in a formal metathesis reaction (Scheme 18).[49]


This represented one of only a few complexes which were
shown to cyclise in this manner.


In 1994, the Grubbs group utilised this principle to gener-
ate benzofurans by performing RCM on a series of acyclic
enol ethers (Scheme 19).[50] The enol ethers were generated
by olefination of the corresponding esters, and the RCM
was carried out using the molybdenum alkylidene catalyst 4.
This protocol provided access to a variety of 2-substituted
benzofurans from readily available 2-propenylphenols.


The synthetic utility of this
approach was illustrated by the
rapid synthesis of the naturally
occurring antifungal phytoalex-
ine known as Sophora com-
pound I (Scheme 20).[50] The
Grubbs group constructed the
acyclic enol ether 82 by olefina-
tion of the corresponding ester
and RCM provided the protect-
ed precursor of the natural
product in 85% yield. With the
advanced intermediate 83 in
hand, the remaining synthesis
was completed smoothly to fur-
nish the natural product.


Nishida and co-workers


modified this protocol to provide a series of protected in-
doles; the group used Grubbs second generation catalyst 2
in combination with vinyloxytrimethylsilane to effect the
isomerisation of the allylic amine 85 to the required enam-
ine 86 (Scheme 21).[51,52] The RCM of enamine 86 provided
the corresponding indole 87 in excellent overall yield. In
2006, Bennassar and co-workers also employed a similar
strategy to generate indoles.[53,54] Their approach involved


Scheme 16. Lamaty synthesis of substituted pyrroles.


Scheme 17. Formation of pyrrole by isomerisation of an existing p-frame-
work.


Scheme 18. Sçderberg synthesis of indoles using chromium carbenes.


Scheme 19. Grubbs synthesis of benzofurans.


Scheme 20. Grubbs synthesis of Sophora compound I.
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the synthesis of a range of acyclic enamides by olefination
of the corresponding methoxycarbonyl-protected amide
under Petasis conditions. An enamide–ene RCM of the
acylic precursor provided the desired indoles in good yields.


van Otterlo and co-workers also utilised this isomerisa-
tion/RCM procedure to assemble a series of benzofurans
(Scheme 22).[55, 56] Ruthenium complex 100 was used to per-
form the isomerisation of two allyl groups to form the corre-
sponding aryl enol ether; RCM with precatalyst 2 then pro-
vided the desired benzofuran in excellent yield. The RCM
was successful for both electron rich and deficient arene
substituents; furthermore, bulky ortho-groups could be in-
corporated without hampering the metathesis reaction.


In 2004, the P;rez-Castells group attempted to apply the
ring-closing enyne metathesis transformation to the synthe-
sis of protected indoles (Scheme 23).[57] In fact, they ob-
tained a mixture of the desired vinylindole 102, as well as
the dimer 103. The vinylindole 102 could be obtained as the


major product (60%) by adopting high dilution (100 mL per
mmol) and short reaction times (2 h); conversely, the dimer
103 could be formed preferentially (70%) by using low dilu-
tion (20 mL per mmol) and longer reaction times (18 h).


An innovative approach to assemble aromatic heterocy-
cles is to functionalise the RCM products prior to the aro-
matisation procedure. As these precursors are not aromatic
they may exhibit reactivity that may be different to the de-
sired final product. Mori and co-workers demonstrated this
elegantly in the synthesis of indole 107 (Scheme 24).[58] The
group postulated that since the enyne metathesis product
105 contained a diene moiety, it may be possible to perform
a tandem enyne metathesis/Diels–Alder procedure. Thus,
the metathesis of enyne 104 was carried with Grubbs second
generation catalyst 2, before addition of dimethyl but-2-yne-
dioate to the reaction mixture. After oxidation with DDQ,
both indoline 108 and the fully aromatic indole 107 were ob-
tained. This approach to aromatic heterocycles represents a
rapid route to complex structures which bodes well for
future studies.


Scheme 21. Nishida and Bennassar syntheses of protected indoles from
enamides.


Scheme 22. Double isomerisation/RCM strategy to form benzofurans.


Scheme 23. Ring-closing enyne metathesis to form indoles.


Scheme 24. Mori synthesis of indoles using a tandem enyne metathesis/
Diels-Alder sequence.
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Construction of Six-Membered Aromatic
Heterocycles


In 2001, Nishida, Nakagawa and co-workers were investigat-
ing the formation of a series of protected 1,2-dihydroquino-
lines 110 by RCM of the corresponding acyclic diene 109
(Scheme 25).[59] It was found that the dihydroquinoline 110
was isolated in good yield following RCM, but that the pro-
tecting groups on nitrogen were removed during silica gel
column chromatography and the resulting dihydroquinoline
was spontaneously auto-oxidised to give 4-methylquinoline
111 directly.


The group also applied this
procedure to the synthesis of
quinolines 114 and 117, which
are intermediates in the synthe-
sis of the anti-malarial agents
quinine[60] and phenyl-2-palmi-
toylamino-3-morpholino-1-pro-
ACHTUNGTRENNUNGpanol (PPMP)–quinine hy-
ACHTUNGTRENNUNGbrid,[61] respectively
(Scheme 26).[61, 62]


The Bennasar group used a
similar strategy to construct
quinolines with the elegant use
of the enamide–ene RCM reac-
tion (Scheme 27).[53] The forma-
tion of two quinolines 120 and
123 was reported, whereby the
oxidation of the 1,4-dihydroqui-
noline system was effected
using catalytic palladium on
carbon under an atmosphere of
oxygen.


Nan and co-workers revealed
the potential of this RCM/oxi-
dation strategy for the forma-
tion of six-membered aromatics
in 2004, with the synthesis of a
library of 6-substituted 3-
amino-2-pyridones
(Scheme 28).[63] The group uti-
lised a novel a-amino acrylam-
ide RCM to form a variety of
a-amino a,b-unsaturated lac-
tams which were oxidised in
situ with DDQ. The 6-position
could be substituted with elec-
tron-rich or electron-deficient
aromatic rings using this ap-
proach, in addition to long
chain and hindered alkyl
groups.


In the same year, the OOBrien
group employed this technique
to construct the 2-pyridone core
in the final stages of the synthe-


Scheme 25. Synthesis of quinoline 111 by RCM/oxidation.


Scheme 26. Access to key intermediates in the syntheses of quinine and PPMP–quinine hybrid.


Scheme 27. Bennasar synthesis of quinolines by RCM/oxidation with Pd/C.
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sis of the naturally occurring lupin alkaloid cytisine 130
(Scheme 29).[64] The RCM of diene 128 proceeded smoothly
using Grubbs first generation catalyst 1 to provide the dihy-
dropyridone 129 in 89% yield. The key oxidation–N-depro-
tection sequence was executed using palladium on carbon to
reveal the aromatic core and complete an efficient six-step
approach to the natural product.


In 2007, the Donohoe group developed a novel route to a
variety of 2-pyridones and pyridines via the key dihydropyri-
done 134, which was constructed by RCM of the acyclic ac-
rylamide 133 (Scheme 30).[65] The elimination of benzyl alco-
hol from the dihydropyridone 134 was accomplished using


DBU to provide the functionalised pyridones in excellent
yields.


With all the substituents originating from readily available
components, Donohoe and co-workers were able to con-
struct a large number of pyridones with varying substituent
patterns (Scheme 31). The pyridones were readily trans-
formed into the corresponding pyridines using the pyridine
derived triflating reagent 142 developed by Comins and co-
workers These intermediates are set for further substitution
by utilising a wealth of reported procedures.


One advantage of this approach to aromatic compounds
is that the intermediates formed after metathesis are not ar-
omatic and therefore can be derivatised using chemistry that
would not usually be successful on aromatic compounds. Of
course, after functionalisation, aromaticity can then be be-
stowed upon the system. For example, alternative aromatisa-


tion conditions have been de-
veloped whereby bromine was
added to 143, prior to reaction
with DBU (Scheme 32). It was
expected that the corresponding
3-bromopyridone would be the
product; however, this pyridone
was trapped in situ with the
benzyloxy leaving group to give
the interesting 3-benzyloxy aro-


Scheme 28. Synthesis of a library of 3-amino-2-pyridones using a RCM/
oxidation strategy.


Scheme 29. OOBrien synthesis of (� )-cytisine.


Scheme 30. Donohoe synthesis of 2-pyridones. Scheme 31. Synthesis of 2-pyridones and the corresponding pyridines.
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matic 144 in good yield. To extend this idea further, pyri-
done 145 was brominated selectively at C-3 to give 146,
which could be manipulated with ease.


The same approach was successfully applied to the syn-
thesis of dipyridone 148 by employing a double RCM and
aromatisation strategy (Scheme 33). The bis(methoxy-
ACHTUNGTRENNUNGacrylamide) 147 was formed using the protocol outlined pre-
viously (Scheme 30); the double RCM and double elimina-
tion proceeded in excellent yield to produce the pyridine-
2,6-dipyridone 148.


Conclusion


It is clear from this summary that metathesis-based ap-
proaches to the synthesis of aromatic heterocycles have dis-
played prominent success. Several strategies have been es-
tablished which are capable of constructing aromatic motifs
with the incorporation of varying substituent patterns and
synthetic points of flexibility. The versatility of such ap-
proaches bodes well for future research in this area.
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A Novel Platform for Modeling Oxidative Catalysis in Non-Heme Iron
Oxygenases with Unprecedented Efficiency


Anna Company,[a] Laura G0mez,[a] Xavier Fontrodona,[b] Xavi Ribas,[a] and
Miquel Costas*[a]


Non-heme monoiron dependent oxygenases are emerging
as a very diverse and versatile group of enzymes involved in
a number of oxidative transformations, which also hold po-
tential technological implications.[1] These biological cata-
lysts constitute a source of inspiration for the development
of environmentally benign oxidation technologies.[2] On the
other hand, bioinspired synthetic catalysts constitute a valu-
able tool to explore the reaction mechanisms by which non-
heme enzymes perform their chemistry.[3] Iron complexes
derived from tripodal TPA (TPA= tris(2-methylpyridyl)-
amine) and linear BMPEN (BPMEN = N,N’-bis(2-methyl-
pyridyl)-N,N’dimethyldiaminoethane) type of ligands are
particularly exceptional compounds because of their ability
to perform stereoselective enzyme-like transformations such
as alkane hydroxylation and alkene epoxidation and cis-di-
hydroxylation, with remarkable efficiency.[3] Such tetraden-
tate backbones wrap around an iron(II) center giving rise to
complexes with two cis available coordination sites which
can be occupied by labile ligands like CH3CN or CF3SO3.
Parallel to the development of these two families of com-
plexes, several other examples including tri-,[4] tetra-[5] and
pentadentate[6] ligands have been explored, yet none of
them can compare with TPA and BPMEN families in terms
of selectivity, versatility and efficiency.


In this work we report a novel family of non-heme iron
complexes based on the methylpyridine derivatized triazacy-
clononane (TACN) backbone. This novel family of com-
plexes shows unprecedented efficiency in the stereospecific
oxidation of alkanes and alkenes with H2O2, bypassing state-


of-the-art oxidations catalyzed by TPA and BPMEN com-
plexes.[3] We show that the type of substitution on the N
atoms of the triazamacrocycle and on the pyridine ring are
key tools to control the selectivity of the corresponding FeII


complexes in catalytic alkane and alkene oxidation reac-
tions. This structural control of the catalytic selectivity in
bioinspired oxidation reactions makes this family of com-
plexes a unique and versatile platform to mimic iron depen-
dent oxygenase-like reactivity.


Reaction of tetradentate ligands R,R’PyTACN (Scheme 1)
with Fe ACHTUNGTRENNUNG(CF3SO3)2ACHTUNGTRENNUNG(CH3CN)2 in THF afforded title com-
pounds [Fe ACHTUNGTRENNUNG(CF3SO3)2(


R,R’PyTACN)] 1·CF3SO3–4·CF3SO3, as
white to yellow analytically pure powders that could be ob-
tained in crystalline form after recrystallization from
CH2Cl2/Et2O.


Thermal ellipsoid plots corresponding to the X-ray crys-
tallographic characterization of 1·CF3SO3 and [Fe-
ACHTUNGTRENNUNG(CH3CN)2(


Me,HPyTACN)] ACHTUNGTRENNUNG(PF6)2, [3·CH3CN]PF6, are shown
in Figure 1 to illustrate the structural properties of this
family of complexes.[7] The complexes contain iron centers
in a distorted octahedral coordination environment. The tri-
podal tetradentate ligands leave two coordination sites ac-
cessible to exogenous ligands (CF3SO3 or CH3CN) trans to
non-equivalent aliphatic N atoms (N-CH2-py and Nalkyl-R,
R=CH3 or iPr). The pyridine arm binds trans to one of the
two Nalkyl groups of the ligand. Average Fe�N bond lengths
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Scheme 1. Complexes described in this work.
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in 1·CF3SO3 and [3·CH3CN]PF6 are 2.2 and 2.0 K, respec-
tively, which are indicative of high and low-spin FeII configu-
rations.


The catalytic properties of 1·CF3SO3–4·CF3SO3 in the hy-
droxylation of alkanes with H2O2 are shown in Table 1.[8]


Under conditions of large excess of substrate (cyclohexane),
3 and 4 are excellent catalysts and convert up to 76% of
H2O2 into oxidized products, with a remarkably high A/K
(alcohol/ketone) ratio. On the other hand, complexes 1 and
2 exhibit significantly lower yields very likely due to the
weak tertiary C�H bond of the isopropyl group that renders
the complexes susceptible to self-oxidation. The excellent
catalytic abilities of 3 and 4 are maintained when larger
amounts of peroxide are delivered (see Table 1). When
100 equiv of peroxide are added, catalyst 4 produces 52 TN
of alcohol (A) and 12 TN of ketone (K).[9] The efficiency
and selectivity exhibited by 4 surpasses those of [Fe-
ACHTUNGTRENNUNG(CF3SO3)2ACHTUNGTRENNUNG(BPMEN)],[3c] the prototypical example of a very
active non-heme iron hydroxylation catalyst (48 TN A+K,
A/K = 2.5, under identical conditions).


Mechanistic studies, using large excess of substrate to
avoid overoxidation reactions, demonstrate the involvement


of highly selective metal-cen-
tered oxidants. Thus, reactions
catalyzed by 3 and 4 exhibit re-
markably large A/K ratios (12.3
and 10.2, respectively), and
high selectivities as indicated by
the kinetic isotope effects eval-
uated in the oxidation of a 1:3
mixture of cyclohexane/ACHTUNG-
TRENNUNG[D12]cyclohexane (KIE �3–4)
and the high Ctertiary/Csecondary se-
lectivity in the oxidation of ada-
mantane (adam) (38/28 �20–
30). In addition, the oxidation
of cis-1,2-dimethylcyclohexane
(DMCH) catalyzed by 3 and 4


exhibits a large degree of stereoretention. However, the
same oxidation catalyzed by 1 and 2 shows some degree of
loss of stereoretention, which indicates the implication of
longer lived carbon centered radicals.


The origin of the oxygen atoms introduced into the cyclo-
hexanol product could be evaluated by means of isotopic la-
beling experiments performing the oxidation of cyclohexane
using 10 equiv H2


18O2 in the presence of 1000 equiv H2O
and the complementary experiment using non-labeled H2O2


and 1000 equiv H2
18O (Table 1). It is clearly observed that


the incorporation of oxygen atoms from water and/or air
into products is highly dependent on the structure of the
complexes, suggesting a rich and complex mechanistic sce-
nario modulated by the catalyst architecture. For example,
the incorporation of labeled water into cyclohexanol de-
creases in the order 3 (45%), 4 (11%), 1 (8%) and 2 (3%).
On the other hand, incorporation of O derived from air is
inversely related to water incorporation; it constitutes more
than 30% of the oxidized alcohol product generated by 1
and 2, but it accounts for less that 10% in the oxidation re-
actions catalyzed by 3 and 4. All these evidences indicate
that alcohol product is produced via a radical-rebound type
mechanism.[3c,10] Competing with this pathway, O2 trapping
of the radical followed by Russell-type termination accounts
for its incorporation into products. The different level of O2


incorporation into products and DMCH stereoselectivity
studies suggest that the lifetimes of the carbon centered rad-
icals are modulated by the particular ligand. On the other
hand, the decrease on the A/K ratio when the alcohol con-
centration increases (compare reactions with 10 and
100 equiv of H2O2) indicates that the ketone product is most
likely formed via oxidation of the initially formed alcohol.[9]


The catalytic ability of 1–4 in the oxidation of olefins was
also explored and the main results are showed in Table 2. In
this case, reactions were run under argon to avoid autooxi-
dation reactions that can occur with olefin substrates. Under
large excess of substrate (cyclooctene), all the complexes
convert the peroxide into epoxide (E) and diol (D) prod-
ucts, with good to excellent efficiencies expanding from 50
to 81%. Interestingly, the diol/epoxide (D/E) ratio is dra-
matically modified depending on the catalyst employed.


Figure 1. Thermal ellipsoid plot (50% probability) of 1·CF3SO3 (left) and [3·CH3CN]PF6 (right). Hydrogen
atoms have been omitted for clarity.


Table 1. Alkane hydroxylation reactions catalyzed by 1·CF3SO3–
4·CF3SO3.


[a]


Cat equiv H2O2


Cyclohexane adam DMCH
TNA+K


[b]


ACHTUNGTRENNUNG(A/K)
KIE[c] H2O2/H2O/O2


[d] 38/28[e] RC [%][f]


1 10 2.4 (3.6) 4.8 59:8:33 14 86
2 10 0.8 (2.7) – 30:3:66 21 78
3 10 6.5 (12.3) 4.3 47:45:8 30 93


100 39 (2.6) – – – –
4 10 7.6 (10.2) 3.4 85:11:4 20 94


100 64 (4.3) – – – –


[a] 1000 equiv substrate for cyclohexane and DMCH, 10 equiv for ada-
mantane [b] Turnover number (mols of product/mols of catalyst), A=cy-
clohexanol, K=cyclohexanone. [c] Kinetic Isotope Effect of cyclohexanol
formation. [d] Percentage of oxygen incorporation derived from different
sources into the cyclohexanol product. [e] Tertiary/secondary ratio in ada-
mantane (adam) oxidation=3 N (1-adamantanol)/(2-adamantanol + 2-
adamantanone). [f] Percentage of retention of configuration in the oxida-
tion of the tertirary C�H bonds of cis-1,2-dimethylcyclohexane (DMCH).
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Thus 3 affords a 1:1 mixture of diol/epoxide and introduc-
tion of a methyl group in the pyridine ring (4) increases the
ratio up to 5.5. Replacement of methyl groups by isopropyl
groups in the TACN ring results in better selectivity towards
the diol as indicated by the higher selectivity towards cis-di-
hydroxylation exhibited by catalysts 1 and 2. Interestingly,
compound 2 exhibits one of the best selectivities towards
cis-dihydroxylation among the iron complexes reported in
the literature, and it constitutes a functional model of
Rieske dioxygenases.[3c,11] The use of larger amounts of per-
oxide evidences strong differences in the catalytic ability of
the complexes. When the peroxide concentration increases
10-fold up to 100 equiv, 73, 50 and 74 TN of cis-diol are ob-
tained for 1, 3 and 4, respectively. Furthermore, 252 TN
(D/E = 0.8) and 170 TN (D/E = 4.9) of products are ob-
tained with 3 and 4, respectively, when 300 equiv of H2O2


are used. These numbers are much higher than any previ-
ously described iron complex,[3–6,11] and indicate that 1, 3
and 4 are the most active non-heme iron catalysts for alkene
cis-dihydroxylation reported so far.[3c,11,12] On the other
hand, 2 loses its catalytic activity when the amount of perox-
ide is increased up to 100 equiv, presumably because of cata-
lyst decomposition. Analogous reactions run under air ex-
hibited smaller D/E ratios mainly because larger amounts of
epoxides are obtained (see Supporting Information).


Moreover, oxidation of cis-2-heptene indicates that both
epoxidation and cis-dihydroxylation occur with a large
degree of stereoretention, yet significant levels of epimeriza-
tion suggest that the oxygen atom(s) transfer to the olefin
both in epoxidation and in cis-dihydroxylation occur in a
non-concerted fashion. The higher epoxide yields obtained
in reactions run under O2 and the significant levels of epi-
merization indicate that epoxides are formed in some extent
via O2 trapping of carbon centered radical intermediates.[5f]


Labeling studies were performed by running cyclooctene
oxidation reactions with 10 equiv H2


18O2 in the presence of
1000 equiv H2O, and the complementary experiments were
run with 10 equiv H2O2/1000 equiv H2


18O (Figure 2). These


experiments indicate a complex mechanistic picture depend-
ing on the catalyst. A clear-cut difference arises from cis-di-
hydroxylation reactions catalyzed by 3 and 4 in comparison
with 1 and 2. 90% of the cis-diol product obtained in cata-
lytic reactions of 3 and 4 incorporates one O from water
and one O from H2O2, but almost exclusive incorporation of
O from H2O2 is observed for 1 and 2. Thus, olefin oxidation
reactions catalyzed by this family of complexes exhibit a
tuned selectivity pattern towards cis-dihydroxylation, which
resembles that found in TPA and BPMEN families,[3c] yet
the present complexes exhibit significantly improved effi-
ciency, and the diol/epoxide selectivity is controlled at two
levels: the substitution in the pyridine ring and in the TACN
backbone.


Previous studies on related non-heme iron catalysts have
shown that isotopic labeling in the cis-dihydroxylation reac-
tion is a valuable tool to address the active species responsi-
ble for this type of chemistry (Scheme 2).[3,5f]


Table 2. Alkene oxidation reactions catalyzed by 1·CF3SO3–4·CF3SO3.
[a]


Cat equiv H2O2


Cyclooctene cis-2-heptene
TND


[b] TNE
[b] D/E[c] Yield [%][d] RC [%][e]


epoxide/diol


1 10 6.2 1.9 3.3 81 88:99
100 73 12 6.0 85 –


2 10 4.5 0.5 9.0 50 64:97
100 10 4.0 2.5 14 –


3 10 4.1 4.0 1.0 81 93:90
100 50 49 1.0 99 –
300 123 129 0.8 77


4 10 6.0 1.1 5.5 71 91:90
100 74 12 6.2 86 –
300 141 29 4.9 57


[a] 1000 equiv substrate, [b] Turnover number (mol product/mol catalyst),
D=cis-diol, E=epoxide. [c] D/E=mols of diol/mols of epoxide.
[d] Yield based on the oxidant. [e] Percentage of retention of configura-
tion in the oxidation of the C=C bond of cis-2-heptene for epoxide and
cis-diol products.


Figure 2. Origin of the oxygen atoms incorporated into the cis-diol prod-
uct in the oxidation of cyclooctene catalyzed by complexes 1·CF3SO3–
4·CF3SO3. White: percentage of cis-diol with the two oxygen atoms origi-
nating from H2O2. Black: percentage of cis-diol with one oxygen from
H2O2 and the other from H2O.


Scheme 2.
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Class A catalysts insert one atom of oxygen from water
and one atom of oxygen from peroxide, and favor epoxida-
tion over cis-dihydroxylation, when reacting with olefins. On
the other hand, class B catalysts insert both O atoms from
peroxide, and favor cis-dihydroxylation. The former is an in-
dication of the implication of a FeV(O)(OH) species via a
water assisted O–O lysis,[13] presumably favored by the low-
spin state of the iron center, which weakens the hydroperox-
ide O�O bond (Scheme 2, left).[14] Olefin interaction with
the oxo group leads to epoxide, while the cis-diol originates
from initial attack via the hydroxide ligand.[15] Instead, for
class B catalysts two mechanistic scenarios have arisen
(Scheme 2, center and right); Que et al. have proposed that
a high-spin side-on ferric hydroperoxide or a high valent
species, generated with no assistance of water, are the active
species responsible for epoxidation and cis-dihydroxylation
(Scheme 2, center).[3b] On the other hand, Comba et al. have
proposed, on the basis of DFT calculations, that O�O bond
homolysis of [LFeII ACHTUNGTRENNUNG(H2O2)]


2+ species (L stands for a tetra-
dentate bispidine ligand) leads to tautomeric species
[LFeIV(OH)2]


2+ (S=1) and [LFeIV(O)ACHTUNGTRENNUNG(OH2)]
2+ (S=2)


(Scheme 2, right).[5f] The former is responsible for the cis-di-
hydroxylation pathway, while the latter accounts for epoxi-
dation activity. Evaluation of these two possibilities for the
present systems will require computational analyses which
are currently under investigation. In conclusion, isotopic la-
beling experiments in the cis-dihydroxylation reaction led us
to conclude that the nature of the alkyl substitution in the
TACN ring determines the class dichotomy; catalysts 3 and
4 undergo water assisted O–O lysis and belong to class A,
while 1 and 2 belong to class B. Nevertheless, according to
this scenario, the significant selectivity for cis-dihydroxyla-
tion exhibited by 4 is unexpected, and suggests that yet un-
considered factors play a role in the epoxide/diol selectivity.
As the exact nature of the reaction mechanism operating in
class B catalysts remains a matter of debate, at present it is
not clear how does the alkyl substitution in the TACN ring
exerts this drastic class selectivity. Nevertheless, the present
system constitutes a unique platform that supports both cat-
alytic classes, and thus it is well suited for mechanistic stud-
ies on these biologically relevant scenarios.


In conclusion, we have discovered a new family of non-
heme iron complexes with unprecedented catalytic activity
in bioinspired oxidation reactions. The high selectivity of
these reactions along with their degree of stereospecificity
suggests the implication of highly selective metal centered
species with relevance to the active species involved in non-
heme iron enzymes such as naphthalene and toluene oxy-
genases.[1–2] Recently, White et al. have reported a structur-
ally related complex to the BPMEN system, as stereoselec-
tive hydroxylation catalyst for complex organic molecules,
albeit with low TN numbers.[16] The excellent catalytic abili-
ties exhibited by 3 and 4 make them a structurally different
promising alternative that deserves further exploration.
Mechanistic studies and reaction intermediates involved in
the reactions, as well as their biological relevance are also
currently under investigation.


Experimental Section


Full experimental details for the preparation of the complexes, details for
the crystallographic characterization of 1·CF3SO3 and [3·CH3CN]PF6 and
experimental procedures for catalytic oxidation reactions are included as
Supporting Information.
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0.1 mm, q range=2.41–28.338, unique reflections=3386, parame-
ters=235, GoF=1.242, R1 [I> 2s(I)]=0.0930, wR2 [I> 2s(I)]=
0.2102. The asymmetric unit contains half of the molecule. Structure
solution and refinement were done using SHELXTL Version 6.14.
CCDC 662658 (1·CF3SO3) and CCDC 662659 (3·CF3SO3) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


[8] Reaction mixtures were analyzed 10 min after H2O2 addition; longer
reaction times did not result in significant differences in reactions ef-
ficiencies.


[9] Ketone yield increases with the number of H2O2 equivalents added
(see Table 1) due to overoxidation of alcohol product that also acts
as substrate. This was validated by oxidation of cyclohexane in the
presence of cyclohexanol (cat 3/H2O2/cyclohexane/cyclohexanol
1:100:972:28) that yielded a A/K=1.75, a value significantly lower
than using only 1000 equiv cyclohexane (A/K=2.6).
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TTF-Modified DNA


Nicolas Bouquin, Vladimir L. Malinovskii, Xavier Gu)gano, Shi-Xia Liu,
Silvio Decurtins, and Robert H0ner*[a]


Ever since its first description,[1] tetrathiafulvalene (TTF)
has taken an eminent role in the field of materials sciences.
Due to their specific p-donor properties, TTFs have been in-
corporated into a number of macrocyclic, molecular, and
supramolecular systems to create multifunctional materials
with desired structure, stability, and physical properties.[2–8]


As a consequence, they are frequently used as donor units
in donor–acceptor (D–A) ensembles that are of prime inter-
est due to their potential applications in molecular electron-
ics and optoelectronics.[9–13] In addition, their tendency to
form p-stacked aggregates renders them attractive objects
for the construction of supramolecular assemblies with ap-
plications in liquid-crystalline materials and organogels.[14, 15]


DNA represents a highly developed, yet very practical scaf-
fold for the construction of complex assemblies.[16] Due to
the existence of well-developed and versatile methods for
oligonucleotide synthesis, the use of modified nucleic acids
has become an attractive way for the generation of function-
alized nanostructures.[17] During the past decade, non-nucle-
osidic aromatic hydrocarbons, such as phenanthrene,[18–20]


pyrene,[21–28] and perylene,[29–33] have been developed as
building blocks for modified nucleic acids.[34–37] They were
explored as hairpin replacements,[38–44] as units for conforma-
tional control in DNA,[45–47] or as replacements of the natu-
ral nucleotides maintaining helical organization.[48–50] Further
efforts are aimed at the development of advanced functional
building blocks with a high level of structural organization.
Interest in TTF–oligonucleotide conjugates is documented
in patents describing the use of redox-active labels for the
development of oligonucleotide-based sensors.[51] So far,
however, a single report on the preparation of such a con-
struct exists, in which Neilands and co-workers describe the


introduction of pyrimido-TTF nucleosides into a phosphoro-
thioate oligoribonucleotide.[52] Due to the interesting elec-
tronic properties of TTF and its excellent stacking proper-
ties, we have explored the generation of TTF-modified
DNA. Here, we present the synthesis of a non-nucleosidic
TTF building block (F, see Table 1), its incorporation into
oligonucleotides, as well as the properties of several modi-
fied hybrids.


The synthesis of the tetrathiafulvalene phosphoramidite
building block is shown in Scheme 1. Starting from the
known 2,3-bis(2-cyanoethylthio)-6,7-bis(pentylthio)tetrathia-
fulvalene (1),[53] bis-diol 2 was prepared by treatment with
sodium in ethanol followed by alkylation with 2-chloroetha-
nol. Reaction with 4,4’-dimethoxytrityl chloride gave the
mono-protected intermediate 3, which was subsequently
converted into the phosphoramidite derivative 4.


Building block 4 was used for the synthesis of modified
oligonucleotides. Despite the known susceptibility of TTF
towards strong acids and oxidants, the standard phosphora-
midite protocol[54] was successfully applied. Although some
fragmentation of the TTF-modified oligonucleotides was ob-
served during ammonia deprotection, oligomers 7–9 were
easily purified by reverse phase HPLC.[55]


[a] N. Bouquin, Dr. V. L. Malinovskii, X. Gu?gano, Dr. S.-X. Liu,
Prof. Dr. S. Decurtins, Prof. Dr. R. H@ner
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Freiestrasse 3, 3012 Bern (Switzerland)
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Supporting information for this article is available on the WWW
under http://www.chemistry.org or from the author.


Table 1. Hybridization data of TTF-modified DNA duplex.[a]


Hybrid Tm [8C] DTm [8C]


5 (5’) AGC TCG GTC ATC GAG AGT GCA
72.5 –


6 (3’) TCG AGC CAG TAG CTC TCA CGT


7 (5’) AGC TCG GTC AFC GAG AGT GCA
77.4 +4.9


8 (3’) TCG AGC CAG TFG CTC TCA CGT


[a] Conditions: 1.0 mm oligonucleotide concentration (each strand), 10 mm


phosphate buffer (pH 7.4) and 100 mm NaCl.
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The effect of TTF incorporation on duplex stability was
analyzed by thermal denaturation experiments (Table 1). In-
corporation of one TTF moiety in each strand (duplex 7*8)
results in a considerable increase in stability (DTm=


+4.9 8C) in comparison to the unmodified duplex 5*6. The
increase in stability can be due to stacking interactions be-
tween the TTF units with the neighboring nucleobases as
well as to hydrophobic interactions of the pentyl chains. Co-
operativity of the melting process in the natural and the
modified part of duplex 7*8 was shown by monitoring the
denaturation process at 290 as well as at 330 nm (hyperchro-
micity of TTF absorption, see the Supporting Information).


The circular dichroism (CD) spectrum of the duplex 7*8
(Figure 1) is consistent with an overall B-conformation with
a maximum at 280 nm and a minimum at 251 nm, indicating
that the TTF units are structurally well integrated into a B-
type DNA. Despite the high duplex stability, no signs of ex-
citon coupling were detected in the TTF region from 300 to
400 nm. A weak CD signal was observed, which is explained


by chiral induction by the nu-
cleic acid environment. This
signal disappears upon duplex
melting (Figure 1, inset).


The structural and electronic
effects resulting from TTF
modification were further stud-
ied in mixed DNA hybrids
(Table 2). Non-nucleosidic per-
ylene diimide (PDI, building
block E) or pyrene (S) units
were placed opposite TTF. PDI
was selected due to its high sen-
sitivity towards conformational


changes in CD spectroscopy,[29] and pyrene for its diverse
fluorescence properties.[56] TTF-modified strands form stable
hybrids with all other modified strands. The Tm values are
generally somewhat lower than the one of the reference
duplex 5*6 (72.5 8C, Table 1), except for the PDI/TTF-mixed
hybrid 9*10, which has a comparable Tm value (72.1 8C). In
the same duplex, CD spectroscopy (Figure 2) revealed
strong exciton coupling of the PDI chromophores. This
shows that the PDI units are oriented in a twisted conforma-
tion and that a well-ordered helical structure is maintained
in the modified region of the duplex.[57]


As expected for a neutral form of tetrathiafulva-
lene,[3,53, 58,59] no fluorescence was observed for single-strand-
ed TTF-modified oligonucleotides (7, 8) nor duplex 7*8. On
the other hand, the low oxidation potential of TTF may, in
principle, favor fluorescence quenching via photo-induced
electron transfer, as recently applied in the construction of


Scheme 1. Synthesis of TTF phosphoramidite 4 ; DMT=4,4’-dimethoxytrityl; PAM=2-cyanoethyl N,N-diiso-
propyl-phosphoramidite.


Figure 1. Temperature-dependent CD spectrum of TTF-modified duplex
7*8. Conditions: 5.0 mm oligo concentration (each strand), 10 mm phos-
phate buffer (pH 7.4) and 100 mm NaCl; inset shows enlarged view of the
region from 300–400 nm.


Table 2. Hybridization data of mixed DNA hybrids.[a]


Hybrid Tm [8C]


9 (5’) AGC TCG GTC FFC GAG AGT GCA
72.1


10 (3’) TCG AGC CAG EEG CTC TCA CGT


9 (5’) AGC TCG GTC FFC GAG AGT GCA
67.5


11 (3’) TCG AGC CAG SSG CTC TCA CGT


12 (5’) AGC TCG GTC ASC GAG AGT GCA
69.3


8 (3’) TCG AGC CAG TFG CTC TCA CGT


13 (5’) AGC TCG GTC SSC GAG AGT GCA
66.7


8 (3’) TCG AGC CAG TFG CTC TCA CGT


[a] Conditions: 1.0 mm oligonucleotide concentration (each strand), 10 mm


phosphate buffer (pH 7.4) and 100 mm NaCl.
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switchable fluorescent systems.[53,58,59] Indeed, quenching of
pyrene fluorescence by TTF was observed in hybrids 12*8
and 13*8 containing one and two pyrenes, respectively
(Figure 3, Table 3, and the Supporting Information). The


fluorescence spectrum of 13 shows pyrene excimer emission
with a maximum at 505 nm. This signal was decreased by
85% in duplex 13*8, which is considerably more than ob-
served by a non-modified complementary strand (duplex
13*6). A slightly lower—but still significant—quenching
effect (~70%) was observed in the case of monomer fluo-
rescence (duplex 12*8). These data show that TTF can act
as a quencher within a DNA duplex.


In conclusion, a non-nucleosidic tetrathiafulvalene build-
ing block suitable for incorporation into DNA has been de-
scribed. TTF-modified oligonucleotides form stable hybrids,
which were characterized by thermal denaturation, fluores-
cence, and CD spectroscopy. Exciton coupling revealed a
high degree of structural organization in the modified
region of a hetero-duplex formed by TTF and perylene dii-
mide-containing strands. Furthermore, fluorescence quench-
ing in TTF/pyrene modified hetero-hybrids was demonstrat-
ed. The finding presented here may help in the development
of optical sensors or redox-active, oligonucleotide-based di-
agnostics.


Experimental Section


General : Reactions were carried out under N2 atmosphere using distilled,
anhydrous solvents. Flash column chromatography (CC) was performed
by using silica gel 60 (63–32 mM, Chemie Brunschwig AG). If compounds
were sensitive to acid, the silica was pre-treated with solvent containing
1% Et3N. All NMR spectra were measured at room temperature on a
Bruker AC-300 spectrometer. 1H NMR spectra were recorded at
300 MHz. Chemical shifts (d) are reported in ppm relative to the residual
undeuterated solvent (CDCl3: 7.27 ppm). 13C NMR spectra were record-
ed at 75 MHz. Chemical shifts are reported in ppm relative to the residu-
al non-deuterated solvent (CDCl3: 77.00 ppm). 31P NMR spectra were re-
corded at 162 MHz. Chemical shifts are reported in ppm relative to 85%
H3PO4 as an external standard. Electron ionization mass spectra (EI-MS)
were recorded on an AutospecQ (Waters Micromass) instrument.


Synthesis of 2,3-bis(2-hydroxyethylthio)-6,7-bis(pentylthio)tetrathiafulva-
lene (2): A solution of sodium (0.17 g, 7.35 mmol) in ethanol (20 mL)
was added to a suspension of the cyanoethyl-protected compound 1
(0.85 g, 1.47 mmol) in anhydrous degassed ethanol (80 mL) under nitro-
gen. After being stirred at room temperature for 4 h, the red-brown mix-
ture was treated with 2-chloroethanol (1.78 g, 22.05 mmol). After a few
minutes, the solution turned orange and a precipitate started to form.
The mixture was then stirred overnight after which it was treated with
water (50 mL) and extracted with dichloromethane. The extract was
washed with water, dried with magnesium sulfate, and concentrated. The
resulting solid was purified by chromatography (silica gel: CH2Cl2/EtOAc
8:2) to give compound 2 in 73% yield (0.60 g, 1.08 mmol). 1H NMR


Figure 2. Temperature-dependent CD spectra of duplex 9*10. Conditions:
2.5 mm oligonucleotide concentration (each strand), 10 mm phosphate
buffer (pH 7.4) and 100 mm NaCl; De (mol�1 dm3cm�1).


Figure 3. Normalized fluorescence spectra of pyrene modified single
strands 12 and 13 and the respective hybrids formed with an unmodified
single strand (6) and a TTF-containing strand (8). Conditions: 1.0 mm oli-
gonucleotide concentration (each strand), 10 mm phosphate buffer
(pH 7.4) and 100 mm NaCl; lex at 354 nm.


Table 3. Quenching properties of TTF-modified oligonucleotide 8 in
pyrene containing hybrids.[a]


Oligonucleotides f Quenching
in %


12 (5’) AGC TCG GTC ASC GAG AGT GCA 0.014 –


13 (5’) AGC TCG GTC SSC GAG AGT GCA 0.094 –


12 (5’) AGC TCG GTC ASC GAG AGT GCA 0.008 35.6
6 (3’) TCG AGC CAG TAG CTC TCA CGT


12 (5’) AGC TCG GTC ASC GAG AGT GCA 0.004 70.5
8 (3’) TCG AGC CAG TFG CTC TCA CGT


13 (5’) AGC TCG GTC SSC GAG AGT GCA 0.062 46.0
6 (3’) TCG AGC CAG TAG CTC TCA CGT


13 (5’) AGC TCG GTC SSC GAG AGT GCA 0.014 85.1
8 (3’) TCG AGC CAG TFG CTC TCA CGT


[a] Conditions: see Table 1; quinine sulfate was used as standard for
quantum yield (f) determination.
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(CDCl3, 300 MHz): d=0.90 (t, 6H), 1.36 (m, 8H), 1.65 (m, 4H), 2.81 (t,
4H), 3.01 (t, 4H), 3.76 ppm (t, 4H); EI-MS: m/z : 560 [M+], C20H32O2S8,
MW=560.02; Rf (CH2Cl2/EtOAc 4:1)=0.15.


Synthesis of 2-{2-[(4,4’-dimethoxytrityl)oxy]ethylthio}-3-(2-hydroxy-
ACHTUNGTRENNUNGethylthio)-6,7-bis(pentylthio)tetrathiafulvalene (3): The diol 2 (0.50 g,
0.89 mmol) was dissolved in dry pyridine (7.5 mL), and 4,4’-dimethoxytri-
tyl chloride (0.30 g, 0.89 mmol) in dry pyridine (2.5 mL) was added drop-
wise. After the mixture had been stirred at room temperature for 6 h, a
solution of sodium bicarbonate (25 mL) was added. The crude product
was isolated by extraction with dichloromethane and dried with magnesi-
um sulfate and concentrated. To avoid decomposition of the product on
silica gel, the column was prepared with solvent containing 1% triethyla-
mine. The crude was purified by chromatography (silica gel: hexane/
EtOAc 2:1) to give compound 3 in 35% yield (0.27 g, 0.31 mmol).
1H NMR (CDCl3, 300 MHz): d=0.87 (t, 3H), 0.90 (t, 3H), 1.30 (m, 8H),
1.63 (m, 4H), 2.76 (t, 2H), 2.82 (t, 2H), 2.87 (t, 2H), 3.02 (t, 2H), 3.34 (t,
2H), 3.62 (t, 2H), 3.79 (s, 6H), 6.83 (m, 4H), 7.19 (m, 1H), 7.28 (m, 2H),
7.31 (m, 4H), 7.43 ppm (m, 2H); EI-MS: m/z : 862 [M+]; C41H50O4S8,
MW=862.15; Rf (hexane/EtOAc 2:1)=0.4.


Synthesis of 2-{2-[(diisopropylamino)(2-cyanoethyl)phosphinoxy]ethyl-
ACHTUNGTRENNUNGthio)-3-{2-[(4,4’-dimethoxytrityl)oxy]ethylthio}-6,7-bis(pentylthio)tetra-
ACHTUNGTRENNUNGthiafulvalene (4): The alcohol 3 (0.26 g, 0.30 mmol) and ethyldiisopropyl-
amine (0.096 g, 0.75 mmol) were dissolved in dry dichloromethane
(7.5 mL). 2-Cyanoethyl N,N-diisopropylchlorophosphoramidite (0.078 g,
0.33 mmol) dissolved in dry dichloromethane (2.5 mL) was added drop-
wise. The reaction mixture was stirred at room temperature for 2 h. The
crude product was directly purified by chromatography (silica gel:
hexane/EtOAc 2:1 +1% triethylamine). The fractions were combined
and evaporated under high vacuum to furnish compound 4 in 85% yield
(0.27 g, 0.25 mmol). 1H NMR (CDCl3 300 MHz): d=0.88 (t, 3H), 0.90 (t,
3H), 1.16 (m, 12H), 1.33 (m, 8H), 1.64 (m, 4H), 2.59 (m, 2H), 2.79 (t,
2H), 2.82 (t, 2H), 2.96 (t, 2H), 2.99 (t, 2H), 3.32 (t, 2H), 3.61 (m, 4H),
3.79 (s, 6H), 3.80 (m, 2H), 6.83 (m, 4H), 7.19 (m, 1H), 7.28 (m, 2H),
7.31 (m, 4H), 7.43 ppm (m, 2H); 31P NMR (CDCl3, 122 MHz): d=


148.46 pm; EI-MS: m/z : 1063 [M+], C50H67N2O5PS8, MW=1062.26; Rf


(hexane/EtOAc 2:1)=0.9.


Synthesis and analysis of oligonucleotides : Cyanoethyl phosphoramidites
from Transgenomic (Glasgow, UK) were used for oligonucleotide synthe-
sis. Oligonucleotides 5 and 6 were obtained from Microsynth (Switzer-
land) and were used without additional purification. Oligonucleotides 7–
9 were prepared by automated oligonucleotide synthesis by a standard
synthetic procedure (Otrityl-offP mode) on a 394-DNA/RNA synthesizer
(Applied Biosystems). Cleavage from the solid support and final depro-
tection was done by a treatment with 33% aqueous NH3 at 55 8C over-
night. Oligonucleotides 7–9 were purified by reverse-phase HPLC (Li-
Chrospher 100 RP-18, 5 mm, Merck, Bio-Tek instrument Autosampler
560); eluent A= (Et3NH)OAc (0.1m, pH 7.4); eluent B=80% MeCN
and 20% eluent A; gradient 5–80% B over 20 min at 25 8C. ESI-MS
(negative-mode, CH3CN/H2O/TEA) of oligonucleotides was performed
with a Sciex QSTAR pulsar (hybrid quadrupole time-of-flight mass spec-
trometer, Applied Biosystems). Oligomers 10[50] and 11–13[22] were syn-
thesized as described.
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Enantioselective and Regioselective Ruthenium-Catalyzed Decarboxylative
Etherification of Allyl Aryl Carbonates
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Among the large variety of synthetic methods yielding
non-racemic products, one of the most documented is the
attack of nucleophiles onto allyl–metal intermediates yield-
ing chiral allylic products in high enantiomeric purity.[1]


With unsymmetrical allyl–metal intermediates, the regiose-
lectivity of the reaction is of central importance and it can
be controlled by the metal at-play.[2] In this respect, several
ruthenium derivatives have proven to be largely effective
for the introduction of nucleophiles at the more substituted
position leading to branched (b) rather than linear (l) prod-
ucts [Eq. (1)].[3] Cp*Ru derivatives, and Cp’Ru moeties that
contain cyclopentadienyl rings with tethered ligands, are
generally preferred over CpRu compounds (Cp*=C5Me5,
Cp=C5H5).


[4–9]


Typical substrates are primary or secondary allyl carbo-
nates and chlorides, and effective allylic alkylation, amina-
tion, and etherification reactions have been developed.[4–10]


If non-racemic secondary allyl carbonates are used, the reac-
tions proceed stereospecifically with, possibly, complete
transfer of chirality.[4] Recently, it was shown that allyl b-
keto esters[10] and alcohols[11] can also be employed as sub-
strates in related processes.


Efficient Ru-catalyzed enantioselective allylic substitu-
tions of linear unsymmetrical substrates are nevertheless
rare. Only two types of successful transformations have


been reported so far. The first concerns the etherification of
allyl chlorides with phenols. Bruneau and Renaud and co-
workers have first shown that combinations of Cp*Ru 1a
and box-type ligands (e.g. 1, Figure 1) afford allyl aryl ethers


in good enantioselectivity and decent regioselectivity (up to
82% ee, b/l 1.6:1 to 6.5:1).[12] Very recently, Onitsuka et al.
have reported excellent results for this reaction using
planar-chiral Cp’Ru 2 as mediator (up to 95% ee and, b/l>
20:1) and shown that only allyl halides provide high selectiv-
ity in this reaction.[13] The second kind of transformation
concerns the decarboxylative rearrangement of allyl b-keto
esters. Recently, our group has shown that CpRu 1b and
pyridine–imine ligands (e.g. L2 and L3, Figure 1) afford
non-racemic g,d-unsaturated ketones through regio- and
enantioselective C�C bond forming reactions (up to 85%
ee and, b/l>20:1).[14] However, none of these transforma-
tions have used allyl carbonates as starting materials. The
lack of any examples of this process was striking as these
moieties are very common starting materials in asymmetric
metal-catalyzed processes.[1,15] A possible reason is the facile
reaction of these substrates with Cp*Ru 1a and CpRu 1b to
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D@partement de Chimie Organique, Universit@ de GenCve
Quai Ernest Ansermet 30, 1211 GenCve 4 (Switzerland)
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Supporting information for this article is available on the WWW
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Figure 1. Ruthenium complexes a : R=Me, b : R=H and chiral diimine
ligands.
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form RuIV allyl carbonate complexes of type 3a and 3b (Fig-
ure 1).[8e,g] The derived complexes are more catalytically-
active than 1a and 1b and lead to racemic products only.


The development of an efficient enantioselective allyla-
tion reaction using allyl carbonates as substrates and ruthe-
nium catalysts was then worth studying. Herein we report
that allyl aryl carbonates can be used. They react in the
presence of CpRu 1b and easy-to-prepare pyridylmonooxa-
zoline (pymox) ligands to afford branched allyl aryl ethers
in high enantiomeric purity and excellent regioselectivity
(up to 87% ee and, b/l>20:1).[16] This transformation is, to
our knowledge, the first example of an effective enantiose-
lective decarboxylative etherification.


In view of the successful results with aryloxides as nucleo-
philes in intermolecular Ru-catalyzed displacement reac-
tions,[13, 14] we reasoned that allyl aryl carbonates of type 4
(Table 1) ought to be ideal substrates as, after carbon diox-
ide extrusion, the resulting aryloxides could react directly
with allyl fragments.[17] Surprisingly, only few reports have
been devoted to the formation of allyl aryl ethers by metal-
catalyzed, intramolecular decarboxylation of allyl aryl car-
bonates.[18,19] To our knowledge a single attempt has been re-
ported at developing an enantioselective version of this
transformation (up to 24% ee).[20] This lack of examples was
making the study even more interesting.


Initial experiments were conducted using conditions simi-
lar to that of the enantioselective rearrangement of allyl b-
keto esters.[15] Allyl carbonate 4a (Table 1, R, R’=H) was
treated with catalytic amounts of 1b (10 mol%) in THF at
room temperature (Table 1).[21] Importantly, without ligand,
little reactivity was observed (34% conversion after 24 h);
the presence of 2,2’-bipyridine (bpy)[5] accelerating the reac-
tion and improving the regioselectivity. In presence of L2


and L3 (10 mol%),[15] the reaction proceeded but modest re-
sults were obtained (conversion up to 24% after 2 h, up to
73% ee). A screening of chiral ligands was then performed,
and of pymox derivatives in particular.[22] A selection is pre-
sented in Figure 1. Ligands L4 to L6 were synthesized fol-
lowing the procedure of Bolm et al. by condensing commer-
cially available enantiopure 1,2-aminoalcohols onto 2-cyano-
pyridine with a catalytic amount of ZnCl2.


[23,24] Whereas
ligand L4 allowed the reaction to proceed with decent con-
version (2 h, 74%) and moderate enantioselectivity (5a :
56% ee), essentially no reaction was observed with more
sterically hindered, tert-butyl substituted L5. With ligand L6,
derived from (1R,2S)-cis-1-amino-2-indanol, the reaction
was the fastest (2 h, 100% conversion) and the desired
branched adduct 5a afforded with good overall selectivity
(84% ee, b/l>95:5).[25] The results are summarized in
Table 1. Interestingly, longer reaction times (12 h) leads to a
small but definite decrease in both, ee and, b/l values. This
result will be explained later in the course of the study.


With the improved conditions at hand (THF, 25 8C, L6 10
mol%), the scope of the asymmetric protocol was studied
with allyl carbonates 4b–f (Table 2). At first substituents
were introduced on the aromatic nucleus of the cinnamyl
fragment (4b : R=p-Cl, 4c : R=p-NO2). From 4a–c, a grad-
ual decrease in the reactivity of the allylic substitution was
noticed. In terms of regioselectivity, whereas no change was
observed with 4b, a sharp decrease proceeded with 4c (b/l
4b :>95:5 and 4c : 75:25). These variations resulting from
the presence of an electron-withdrawing atom or group are
in line with a previous result in this field.[8a] Interestingly, in
terms of enantioselectivity, little difference is observed with
these three substrates which would tend to indicate that the
enantio- and the regiodetermining steps of this reaction are
distinct and independent. A series of allyl carbonates with
substituents on the aryloxy moiety (4d–f) was also prepared.
Their structures are detailed in Tables 1and 2. Not surpris-
ingly, slower reactions resulted from the introduction of
electron-donating, p-Me on the “leaving-group” (4d and 4e)
with, however, little effect on the regioselectivity (b/l 90:10)
and enantiomeric purity of the branched products (84–
85% ee). With 4 f, a clear activation resulted from the pres-
ence of the electron-withdrawing, p-NO2 group, however, at
the expense of the enantiomeric purity of 5 f (34% ee).


Table 1. Ligand screening for allyl carbonate 4a.[a]


Allyl Ligand t [h] Conversion [%] ee[b] Configuration[c] b/l ratio[d]


4a – 24 34 – – 83:17
4a bpy 2 37 – – 93:7
4a L2 2 24 60 (�) 93:7
4a L3 2 14 73 (�) 93:7
4a L4 2 74 56 (�) 91:9
4a L5 2 <10 – – –
4a L6 2 100 84 (+) >95:5
4a L6 12 100 78 (+) 91:9


[a] 1b (10 mol%), ligand (10 mol%), THF, 25 8C, c = 0.5m ; the results
being the average of at least two runs. [b]Determined by CSP-HPLC.
[c]Sign of the optical rotation. [d]Ratios of branched (5a) to linear (6a)
products determined by 1H NMR spectroscopy (400 MHz).


Table 2. Ru-catalyzed etherification of allyl carbonates 4a to 4 f.[a]


Allyl R R’ t
[h]


Conversion
[%]


ee[b] Configuration[c] b/l
ratio[d]


4a H H 2.0 100 84 (+) >95:5
4b Cl H 2.5 92 87 (+) >95:5
4c NO2 H 7.0 87 85 (�) 75:25
4d H Me 2.5 90 84 (�) 90:10
4e Cl Me 3.5 90 85 (�) 90:10
4 f H NO2 0.5 94 34 (�) 87:13


[a] 1b (10 mol%), L6 (10 mol%), THF, 25 8C, c = 0.5m ; the results
being the average of at least two runs. [b] Determined by CSP-HPLC.
[c]Sign of the optical rotation. [d]Ratios of branched (5) to linear (6)
products determined by 1H NMR spectroscopy (400 MHz).
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To gain some insight on the nature of the asymmetric
transformation, a series of experiments was performed.
First, a 1:1 mixture of allyl carbonates 4b and 4d was treat-
ed under the standard conditions (Scheme 1) and 1H NMR
analysis (500 MHz) of the resulting mixture indicated the
presence of products 5b and 5d, and cross-over products 5a
and 5e in a 1.4:2.0:1.0:1.4 ratio, respectively. This result in-
dicates that the etherification reaction proceeds through a
state where in situ generated nucleophilic and electrophilic
fragments are separated in solution resulting in a complete
cross-over.


At that stage, we considered the result of the decarboxy-
lative etherification of 4a for which, after 12 h of reaction
time at 25 8C, lower levels of enantio- and regioselectivity
were obtained (78% ee, b/l 91:9). We wondered if an equili-
bration between products 5a and 6a did not occur under
the reaction conditions at the expense of the selectivity. Pre-
liminary experiments performed at 25 8C seemed to validate
this hypothesis, but these studies were hampered by slow ki-
netics. The decarboxylative etherification of 4a was thus
performed at 60 8C. The results are detailed in Table 3.
Clearly, full conversion was achieved rapidly at this higher
temperature. A result similar to that of the reaction at 25 8C
after 12 h was obtained after only 45 min at 60 8C (Table 3,
entry 1). Longer reaction times (Table 3, entries 2–6) result-
ed, as hypothesized, in a progressive loss of enantiomeric
purity and in an increase of the b/l ratio. Branched adduct
5a disappeared in favor of linear compound 6a which
became the exclusive product after reaction at 60 8C for
22 h.


To further characterize the 5!6 transformation, experi-
ments were performed under the following conditions:
60 8C, THF, 1b and L6 10 mol% each. A mixture of rac-5a
and 6a (b/l 92:08) was heated for 4 h. The, b/l ratio gradual-
ly changed in favor of the linear product to reach a 80:20
value. Importantly, a small enantiomeric excess could be de-
tected for the remaining branched substrate in favor of (�)-
5a (9% ee ; see the Supporting Information for details). This
means that, out of the racemic mixture the (+)-5a enantio-
mer has reacted to some extent faster than (�)-5a during
this branched to linear transformation. As the dextrorotato-
ry enantiomer is the one preferentially formed during the
enantioselective etherification with L6 as ligand, this ex-
plains why longer reaction times are detrimental for the en-
antiomeric excess.


A 1:1 mixture of allyl ethers 5b and 5d was also heated
(60 8C) in the presence of the catalytic combination and the
reaction was monitored by 1H NMR (400 MHz). After 7 h,
all possible branched and linear products compatible with
intermolecular processes were observed (5b, 5d, 6b, 6d and
cross-over 5a, 5e, 6a, 6e). A prolonged reaction time of
24 h leads to the quasi exclusive formation of the linear
products (6a, 6b, 6d, and 6e) in approximately equal
amounts. These results indicate that aryloxides can act as
leaving groups[26] under the reactions conditions if care is
not taken to avoid a displacement (lower temperature, short
reaction time).[27] Equilibration between branched and
linear products occurs, via a dissociative, intermolecular
mechanism leading to a loss of enantiomeric purity of the
initial branched allyl aryl ethers and, finally, to the exclusive
formation of the linear thermodynamically more-stable iso-
mers. The enantioselectivity observed during the reaction
probably results from the initial oxidative addition step; the
regioselectivity being then dictated by the structure of the
p-allyl complex.[5g,8g]


In conclusion, we have just described the first effective
decarboxylative etherification of allyl aryl carbonates using
a readily-prepared (one step from commercial sources)
pymox ligand L6 and readily available CpRu complex 1b.
Reaction conditions are most simple as only these two re-
agents are necessary. We have also characterized an equili-
bration reaction that must be taken into consideration for
any asymmetric development. Further studies are performed
to understand the intricate details of this transformation and
extend the results to other useful processes.


Experimental Section


General procedure for catalytic etherification of the allyl carbonates : In
a 1 mL vial under dinitrogen atmosphere, [RuCp ACHTUNGTRENNUNG(MeCN)3] ACHTUNGTRENNUNG[PF6] (1b ;
6.3 mg, 14.4 mmol, 10 mol%) and pymox L6 ligand (3.4 mg, 10 mol%)
were dissolved in distilled anhydrous THF (300 mL). The resulting deep
red solution was stirred for 5 min at room temperature before the addi-
tion of the allyl aryl carbonates 4 (0.144 mmol). The reaction was stirred
under N2 at 25 8C until no trace of the starting material could be seen on
TLC (silica gel, Et2O/pentane 8:2). The reaction mixture was diluted
with Et2O/pentane 8:2 (1.5 mL). The precipitated metal salts were fil-


Scheme 1. -Reactions of 4b and 4d.


Table 3. Etherification of allyl carbonate 4a.[a]


Entry t [h] Conversion [%] ee[b] Configuration[c] b/l ratio[d]


1 0.75 100 80 (+) 92:8
2 1.5 100 74 (+) 89:11
3 2.5 100 64 (+) 80:20
4 3.5 100 50 (+) 69:31
5 8.0 100 2 (+) 33:66
6 22 100 – – <5:95


[a] 1b (10 mol%), L6 (10 mol%), THF, 60 8C, c = 0.5m. [b]Determined
by CSP-HPLC. [c]Sign of the optical rotation. [d]Ratios of branched
(5a) to linear (6a) determined by NMR spectroscopy (1H NMR,
400 MHz).
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tered on a short silica gel column (0.5 cmQ4 cm, Et2O/pentane 8:2): The
solvents were evaporated under reduced pressure to afford the crude re-
action mixture as a pale yellow oil which was analyzed by 1H NMR spec-
troscopy and CSP-HPLC.


Acknowledgements


We are grateful for financial support of this work by the Swiss National
Science Foundationand the State Secretariat for Education and Science.


Keywords: allylic compounds · C�O bond formation ·
enantioselectivity · N ligands · ruthenium


[1] Z. Lu, S. Ma, Angew. Chem. 2008, 120, 264–303; Angew. Chem. Int.
Ed. 2008, 47, 258–297; M. Braun, T. Meier, Angew. Chem. 2006,
118, 7106–7109; Angew. Chem. Int. Ed. 2006, 45, 6952–6955; B. M.
Trost, J. Org. Chem. 2004, 69, 5813–5837; B. M. Trost, D. L. Van V-
ranken, Chem. Rev. 1996, 96, 395–422.


[2] a) G. Helmchen, A. Dahnz, P. Dubon, M. Schelwies, R. Weihofen,
Chem. Commun. 2007, 675–691; b) H. Miyabe, Y. Takemoto, Synlett
2005, 1641–1655; c) D. K. Leahy, P. A. Evans, Mod. Rhodium-Catal.
Org. React. 2005, 191–214; d) S. W. Krska, D. L. Hughes, R. A.
Reamer, D. J. Mathre, M. Palucki, N. Yasuda, Y. Sun, B. M. Trost,
Pure Appl. Chem. 2004, 76, 625–633; e) P. J. Guiry, C. P. Saunders,
Adv. Synth. Catal. 2004, 346, 497–537.


[3] C. Bruneau, J. L. Renaud, B. Demerseman, Chem. Eur. J. 2006, 12,
5178–5187.


[4] B. M. Trost, P. L. Fraisse, Z. T. Ball, Angew. Chem. 2002, 114, 1101–
1103; Angew. Chem. Int. Ed. 2002, 41, 1059–1061.


[5] a) N. Gurbuz, I. Ozdemir, B. Cetinkaya, J. L. Renaud, B. Demerse-
man, C. Bruneau, Tetrahedron Lett. 2006, 47, 535–538; b) B. Demer-
seman, J. L. Renaud, L. Toupet, C. Hubert, C. Bruneau, Eur. J.
Inorg. Chem. 2006, 1371–1380; c) M. D. Mbaye, B. Demerseman,
J. L. Renaud, C. Bruneau, J. Organomet. Chem. 2005, 690, 2149–
2158; d) C. Hubert, J. L. Renaud, B. Demerseman, C. Fischmeister,
C. Bruneau, J. Mol. Catal. A: Chem. 2005, 237, 161–164; e) M. D.
Mbaye, B. Demerseman, J. L. Renaud, L. Toupet, C. Bruneau, Adv.
Synth. Catal. 2004, 346, 835–841; f) J. L. Renaud, C. Bruneau, B.
Demerseman, Synlett 2003, 408–410; g) M. D. Mbaye, B. Demerse-
man, J. L. Renaud, L. Toupet, C. Bruneau, Angew. Chem. 2003, 115,
5220–5222; Angew. Chem. Int. Ed. 2003, 42, 5066–5068.


[6] Y. Morisaki, T. Kondo, T. Mitsudo, Organometallics 1999, 18, 4742–
4746; T. Kondo, Y. Morisaki, S.-Y. Uenoyama, K. Wada, T.-A. Mit-
sudo, J. Am. Chem. Soc. 1999, 121, 8657–8658; T. Kondo, H. Ono,
N. Satake, T.-A. Mitsudo, Y. Watanabe, Organometallics 1995, 14,
1945–1953.


[7] H. Nagashima, H. Kondo, T. Hayashida, Y. Yamaguchi, M. Gondo,
S. Masuda, K. Miyazaki, K. Matsubara, K. Kirchner, Coord. Chem.
Rev. 2003, 245, 177–190; H. Kondo, A. Kageyama, Y. Yamaguchi,
M.-A. Haga, K. Kirchner, H. Nagashima, Bull. Chem. Soc. Jpn.
2001, 74, 1927–1937; H. Kondo, Y. Yamaguchi, H. Nagashima,
Chem. Commun. 2000, 1075–1076.


[8] a) R. Hermatschweiler, I. Fernandez, P. S. Pregosin, F. Breher, Orga-
nometallics 2006, 25, 1440–1447; b) I. Fernandez, P. S. Pregosin, A.
Albinati, S. Rizzato, Organometallics 2006, 25, 4520–4529; c) I. Fer-
nandez, R. Hermatschweiler, P. S. Pregosin, A. Albinati, S. Rizzato,
Organometallics 2006, 25, 323–330; d) I. Fernandez, R. Hermatsch-
weiler, F. Breher, P. S. Pregosin, L. F. Veiros, M. J. Calhorda, Angew.
Chem. 2006, 118, 6535–6540; Angew. Chem. Int. Ed. 2006, 45, 6386–
6391; e) I. Fernandez, R. Hermatschweiler, F. Breher, P. S. Pregosin,
L. F. Veiros, M. J. Calhorda, Angew. Chem. 2006, 118, 6535–6540;
Angew. Chem. Int. Ed. 2006, 45, 6386–6391; f) R. Hermatschweiler,
I. Fernandez, P. S. Pregosin, E. J. Watson, A. Albinati, S. Rizzato,
L. F. Veiros, M. J. Calhorda, Organometallics 2005, 24, 1809–1812;


g) R. Hermatschweiler, I. Fernandez, F. Breher, P. S. Pregosin, L. F.
Veiros, M. J. Calhorda, Angew. Chem. 2005, 117, 4471–4474; Angew.
Chem. Int. Ed. 2005, 44, 4397–4400.


[9] Y. Matsushima, K. Onitsuka, S. Takahashi, Organometallics 2005,
24, 2747–2754; Y. Matsushima, K. Onitsuka, T. Kondo, T. Mitsudo,
S. Takahashi, J. Am. Chem. Soc. 2001, 123, 10405–10406.


[10] a) C. Wang, J. A. Tunge, Org. Lett. 2005, 7, 2137–2139; b) J. A.
Tunge, E. C. Burger, Eur. J. Org. Chem. 2005, 1715–1726; c) J. A.
Tunge, E. C. Burger, Chem. Commun. 2005, 2835–2837; d) J. A.
Tunge, E. C. Burger, Org. Lett. 2004, 6, 2603–2605.


[11] A. B. Zaitsev, S. Gruber, P. S. Pregosin, Chem. Commun. 2007,
4692–4693.


[12] M. D. Mbaye, J. L. Renaud, B. Demerseman, C. Bruneau, Chem.
Commun. 2004, 1870–1871.


[13] K. Onitsuka, H. Okuda, H. Sasai, Angew. Chem. 2008, 120, 1476–
1479; Angew. Chem. Int. Ed. 2008, 47, 1454–1457.


[14] S. Constant, S. Tortoioli, J. Muller, J. Lacour, Angew. Chem. 2007,
119, 2128–2131; Angew. Chem. Int. Ed. 2007, 46, 2082–2085; S.
Constant, S. Tortoioli, J. Muller, D. Linder, F. Buron, J. Lacour,
Angew. Chem. 2007, 119, 9137–9140; Angew. Chem. Int. Ed. 2007,
46, 8979–8982; for recent examples of Ir-catalyzed syntheses of
enantioenriched g,d-unsaturated ketones see: H. He, X. J. Zheng, U.
Yi, L. X. Dai, S. L. You, Org. Lett. 2007, 9, 4339–4341; D. J. Weix,
J. F. Hartwig, J. Am. Chem. Soc. 2007, 129, 7720–7721.


[15] M. Moreno-Manas, R. Pleixats, Handb. Organopalladium Chem.
Org. Synth. 2002, 2, 1707–1767; J. Tsuji, I. Minami, Acc. Chem. Res.
1987, 20, 140–145; B. M. Trost, J. Y. Xu, J. Am. Chem. Soc. 2005,
127, 2846–2847; B. M. Trost, J. Y. Xu, J. Am. Chem. Soc. 2005, 127,
17180–17181.


[16] For key references on enantioselective metal-catalyzed etherifica-
tion processes, see: a) S. F. Kirsch, L. E. Overman, N. S. White, Org.
Lett. 2007, 9, 911–913; Y. Uozumi, M. Kimura, Tetrahedron: Asym-
metry 2006, 17, 161–166; I. Lyothier, C. Defieber, E. M. Carreira,
Angew. Chem. 2006, 118, 6350–6353; Angew. Chem. Int. Ed. 2006,
45, 6204–6207; C. Shu, J. F. Hartwig, Angew. Chem. 2004, 116,
4898–4901; Angew. Chem. Int. Ed. 2004, 43, 4794–4797; C. Fischer,
C. Defieber, T. Suzuki, E. M. Carreira, J. Am. Chem. Soc. 2004, 126,
1628–1629; F. Lopez, T. Ohmura, J. F. Hartwig, J. Am. Chem. Soc.
2003, 125, 3426–3427; C. A. Kiener, C. Shu, C. Incarvito, J. F. Hart-
wig, J. Am. Chem. Soc. 2003, 125, 14272–14273; B. M. Trost, W.
Tang, J. Am. Chem. Soc. 2002, 124, 14542–14543; B. M. Trost, P. L.
Fraisse, Z. T. Ball, Angew. Chem. 2002, 114, 1101–1103; Angew.
Chem. Int. Ed. 2002, 41, 1059–1061; P. A. Evans, D. K. Leahy, J.
Am. Chem. Soc. 2002, 124, 7882–7883; B. M. Trost, F. D. Toste, J.
Am. Chem. Soc. 2000, 122, 11262–11263; P. A. Evans, D. K. Leahy,
J. Am. Chem. Soc. 2000, 122, 5012–5013; B. M. Trost, F. D. Toste, J.
Am. Chem. Soc. 1998, 120, 9074–9075.


[17] Allyl aryl carbonates 4a to 4 f (Table 1) were readily prepared by
coupling of the appropriate cinnamyl alcohols with commercially
available chloroformates (84–95%, pyridine, CH2Cl2, 0 8C): H. Mat-
suhashi, S. Asai, K. Hirabayashi, Y. Hatanaka, A. Mori, T. Hiyama,
Bull. Chem. Soc., Jpn. 1997, 70, 1943–1952.


[18] R. C. Larock, N. H. Lee, Tetrahedron Lett. 1991, 32, 6315–6318; Y.
Hayashi, S. Komiya, T. Yamamoto, A. Yamamoto, Chem. Lett. 1984,
977–980.


[19] Allyl aryl carbonates can also be used as substrates in intermolecular
displacement reactions, see: C. Shi, I. Ojima, Tetrahedron 2007, 63,
8563–8570; T. Kanayama, K. Yoshida, H. Miyabe, T. Kimachi, Y.
Takemoto, J. Org. Chem. 2003, 68, 6197–6201; H. Matsuhashi, S.
Asai, K. Hirabayashi, Y. Hatanaka, A. Mori, T. Hiyama, Bull.
Chem. Soc. Jpn. 1997, 70, 1943–1952.


[20] G. Consiglio, M. Scalone, F. Rama, J. Mol. Catal. 1989, 50, L11–
L15.


[21] Complex 1b was prepared using KTndigUs protocol: E. P. KTndig,
F. R. Monnier, Adv. Synth. Catal. 2004, 346, 901–904.


[22] Pymox ligands have been successfully used for the stereocontrol of
arene metal piano-stool complexes: D. L. Davies, J. Fawcett, S. A.
Garratt, D. R. Russell, Dalton Trans. 2004, 3629–3634; H. Brunner,
J. Klankermayer, M. Zabel, Organometallics 2002, 21, 5746–5756;


www.chemeurj.org I 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 5737 – 57415740


J. Lacour et al.



http://dx.doi.org/10.1002/ange.200605113

http://dx.doi.org/10.1002/ange.200605113

http://dx.doi.org/10.1002/ange.200605113

http://dx.doi.org/10.1002/anie.200605113

http://dx.doi.org/10.1002/anie.200605113

http://dx.doi.org/10.1002/anie.200605113

http://dx.doi.org/10.1002/anie.200605113

http://dx.doi.org/10.1002/ange.200602169

http://dx.doi.org/10.1002/ange.200602169

http://dx.doi.org/10.1002/ange.200602169

http://dx.doi.org/10.1002/ange.200602169

http://dx.doi.org/10.1002/anie.200602169

http://dx.doi.org/10.1002/anie.200602169

http://dx.doi.org/10.1002/anie.200602169

http://dx.doi.org/10.1021/jo0491004

http://dx.doi.org/10.1021/jo0491004

http://dx.doi.org/10.1021/jo0491004

http://dx.doi.org/10.1021/cr9409804

http://dx.doi.org/10.1021/cr9409804

http://dx.doi.org/10.1021/cr9409804

http://dx.doi.org/10.1039/b614169b

http://dx.doi.org/10.1039/b614169b

http://dx.doi.org/10.1039/b614169b

http://dx.doi.org/10.1002/3527604693.ch10

http://dx.doi.org/10.1002/3527604693.ch10

http://dx.doi.org/10.1002/3527604693.ch10

http://dx.doi.org/10.1002/3527604693.ch10

http://dx.doi.org/10.1351/pac200476030625

http://dx.doi.org/10.1351/pac200476030625

http://dx.doi.org/10.1351/pac200476030625

http://dx.doi.org/10.1002/adsc.200303138

http://dx.doi.org/10.1002/adsc.200303138

http://dx.doi.org/10.1002/adsc.200303138

http://dx.doi.org/10.1002/chem.200600173

http://dx.doi.org/10.1002/chem.200600173

http://dx.doi.org/10.1002/chem.200600173

http://dx.doi.org/10.1002/chem.200600173

http://dx.doi.org/10.1002/1521-3757(20020315)114:6%3C1101::AID-ANGE1101%3E3.0.CO;2-2

http://dx.doi.org/10.1002/1521-3757(20020315)114:6%3C1101::AID-ANGE1101%3E3.0.CO;2-2

http://dx.doi.org/10.1002/1521-3757(20020315)114:6%3C1101::AID-ANGE1101%3E3.0.CO;2-2

http://dx.doi.org/10.1002/1521-3773(20020315)41:6%3C1059::AID-ANIE1059%3E3.0.CO;2-5

http://dx.doi.org/10.1002/1521-3773(20020315)41:6%3C1059::AID-ANIE1059%3E3.0.CO;2-5

http://dx.doi.org/10.1002/1521-3773(20020315)41:6%3C1059::AID-ANIE1059%3E3.0.CO;2-5

http://dx.doi.org/10.1016/j.tetlet.2005.11.051

http://dx.doi.org/10.1016/j.tetlet.2005.11.051

http://dx.doi.org/10.1016/j.tetlet.2005.11.051

http://dx.doi.org/10.1002/ejic.200501051

http://dx.doi.org/10.1002/ejic.200501051

http://dx.doi.org/10.1002/ejic.200501051

http://dx.doi.org/10.1002/ejic.200501051

http://dx.doi.org/10.1016/j.jorganchem.2005.02.002

http://dx.doi.org/10.1016/j.jorganchem.2005.02.002

http://dx.doi.org/10.1016/j.jorganchem.2005.02.002

http://dx.doi.org/10.1016/j.molcata.2005.03.050

http://dx.doi.org/10.1016/j.molcata.2005.03.050

http://dx.doi.org/10.1016/j.molcata.2005.03.050

http://dx.doi.org/10.1002/adsc.200404023

http://dx.doi.org/10.1002/adsc.200404023

http://dx.doi.org/10.1002/adsc.200404023

http://dx.doi.org/10.1002/adsc.200404023

http://dx.doi.org/10.1002/ange.200352257

http://dx.doi.org/10.1002/ange.200352257

http://dx.doi.org/10.1002/ange.200352257

http://dx.doi.org/10.1002/ange.200352257

http://dx.doi.org/10.1002/anie.200352257

http://dx.doi.org/10.1002/anie.200352257

http://dx.doi.org/10.1002/anie.200352257

http://dx.doi.org/10.1021/om990533k

http://dx.doi.org/10.1021/om990533k

http://dx.doi.org/10.1021/om990533k

http://dx.doi.org/10.1021/ja991704f

http://dx.doi.org/10.1021/ja991704f

http://dx.doi.org/10.1021/ja991704f

http://dx.doi.org/10.1021/om00004a055

http://dx.doi.org/10.1021/om00004a055

http://dx.doi.org/10.1021/om00004a055

http://dx.doi.org/10.1021/om00004a055

http://dx.doi.org/10.1016/S0010-8545(03)00124-3

http://dx.doi.org/10.1016/S0010-8545(03)00124-3

http://dx.doi.org/10.1016/S0010-8545(03)00124-3

http://dx.doi.org/10.1016/S0010-8545(03)00124-3

http://dx.doi.org/10.1246/bcsj.74.1927

http://dx.doi.org/10.1246/bcsj.74.1927

http://dx.doi.org/10.1246/bcsj.74.1927

http://dx.doi.org/10.1246/bcsj.74.1927

http://dx.doi.org/10.1039/b002927k

http://dx.doi.org/10.1039/b002927k

http://dx.doi.org/10.1039/b002927k

http://dx.doi.org/10.1021/om051050l

http://dx.doi.org/10.1021/om051050l

http://dx.doi.org/10.1021/om051050l

http://dx.doi.org/10.1021/om051050l

http://dx.doi.org/10.1021/om060448u

http://dx.doi.org/10.1021/om060448u

http://dx.doi.org/10.1021/om060448u

http://dx.doi.org/10.1021/om050749o

http://dx.doi.org/10.1021/om050749o

http://dx.doi.org/10.1021/om050749o

http://dx.doi.org/10.1021/om049057a

http://dx.doi.org/10.1021/om049057a

http://dx.doi.org/10.1021/om049057a

http://dx.doi.org/10.1002/ange.200500967

http://dx.doi.org/10.1002/ange.200500967

http://dx.doi.org/10.1002/ange.200500967

http://dx.doi.org/10.1002/anie.200500967

http://dx.doi.org/10.1002/anie.200500967

http://dx.doi.org/10.1002/anie.200500967

http://dx.doi.org/10.1002/anie.200500967

http://dx.doi.org/10.1021/om0500523

http://dx.doi.org/10.1021/om0500523

http://dx.doi.org/10.1021/om0500523

http://dx.doi.org/10.1021/om0500523

http://dx.doi.org/10.1021/ja016334l

http://dx.doi.org/10.1021/ja016334l

http://dx.doi.org/10.1021/ja016334l

http://dx.doi.org/10.1021/ol050466s

http://dx.doi.org/10.1021/ol050466s

http://dx.doi.org/10.1021/ol050466s

http://dx.doi.org/10.1002/ejoc.200400865

http://dx.doi.org/10.1002/ejoc.200400865

http://dx.doi.org/10.1002/ejoc.200400865

http://dx.doi.org/10.1039/b710763c

http://dx.doi.org/10.1039/b710763c

http://dx.doi.org/10.1039/b710763c

http://dx.doi.org/10.1039/b710763c

http://dx.doi.org/10.1039/b406039c

http://dx.doi.org/10.1039/b406039c

http://dx.doi.org/10.1039/b406039c

http://dx.doi.org/10.1039/b406039c

http://dx.doi.org/10.1002/ange.200704457

http://dx.doi.org/10.1002/ange.200704457

http://dx.doi.org/10.1002/ange.200704457

http://dx.doi.org/10.1002/anie.200704457

http://dx.doi.org/10.1002/anie.200704457

http://dx.doi.org/10.1002/anie.200704457

http://dx.doi.org/10.1002/ange.200604573

http://dx.doi.org/10.1002/ange.200604573

http://dx.doi.org/10.1002/ange.200604573

http://dx.doi.org/10.1002/ange.200604573

http://dx.doi.org/10.1002/anie.200604573

http://dx.doi.org/10.1002/anie.200604573

http://dx.doi.org/10.1002/anie.200604573

http://dx.doi.org/10.1002/ange.200704019

http://dx.doi.org/10.1002/ange.200704019

http://dx.doi.org/10.1002/ange.200704019

http://dx.doi.org/10.1002/anie.200704019

http://dx.doi.org/10.1002/anie.200704019

http://dx.doi.org/10.1002/anie.200704019

http://dx.doi.org/10.1002/anie.200704019

http://dx.doi.org/10.1021/ol7019394

http://dx.doi.org/10.1021/ol7019394

http://dx.doi.org/10.1021/ol7019394

http://dx.doi.org/10.1021/ja071455s

http://dx.doi.org/10.1021/ja071455s

http://dx.doi.org/10.1021/ja071455s

http://dx.doi.org/10.1021/ar00136a003

http://dx.doi.org/10.1021/ar00136a003

http://dx.doi.org/10.1021/ar00136a003

http://dx.doi.org/10.1021/ar00136a003

http://dx.doi.org/10.1021/ja043472c

http://dx.doi.org/10.1021/ja043472c

http://dx.doi.org/10.1021/ja043472c

http://dx.doi.org/10.1021/ja043472c

http://dx.doi.org/10.1021/ja055968f

http://dx.doi.org/10.1021/ja055968f

http://dx.doi.org/10.1021/ja055968f

http://dx.doi.org/10.1021/ja055968f

http://dx.doi.org/10.1021/ol070110b

http://dx.doi.org/10.1021/ol070110b

http://dx.doi.org/10.1021/ol070110b

http://dx.doi.org/10.1021/ol070110b

http://dx.doi.org/10.1016/j.tetasy.2005.11.026

http://dx.doi.org/10.1016/j.tetasy.2005.11.026

http://dx.doi.org/10.1016/j.tetasy.2005.11.026

http://dx.doi.org/10.1016/j.tetasy.2005.11.026

http://dx.doi.org/10.1002/ange.200602408

http://dx.doi.org/10.1002/ange.200602408

http://dx.doi.org/10.1002/ange.200602408

http://dx.doi.org/10.1002/anie.200602408

http://dx.doi.org/10.1002/anie.200602408

http://dx.doi.org/10.1002/anie.200602408

http://dx.doi.org/10.1002/anie.200602408

http://dx.doi.org/10.1002/ange.200460214

http://dx.doi.org/10.1002/ange.200460214

http://dx.doi.org/10.1002/ange.200460214

http://dx.doi.org/10.1002/ange.200460214

http://dx.doi.org/10.1002/anie.200460214

http://dx.doi.org/10.1002/anie.200460214

http://dx.doi.org/10.1002/anie.200460214

http://dx.doi.org/10.1021/ja0390707

http://dx.doi.org/10.1021/ja0390707

http://dx.doi.org/10.1021/ja0390707

http://dx.doi.org/10.1021/ja0390707

http://dx.doi.org/10.1021/ja029790y

http://dx.doi.org/10.1021/ja029790y

http://dx.doi.org/10.1021/ja029790y

http://dx.doi.org/10.1021/ja029790y

http://dx.doi.org/10.1021/ja038319h

http://dx.doi.org/10.1021/ja038319h

http://dx.doi.org/10.1021/ja038319h

http://dx.doi.org/10.1021/ja0283394

http://dx.doi.org/10.1021/ja0283394

http://dx.doi.org/10.1021/ja0283394

http://dx.doi.org/10.1002/1521-3757(20020315)114:6%3C1101::AID-ANGE1101%3E3.0.CO;2-2

http://dx.doi.org/10.1002/1521-3757(20020315)114:6%3C1101::AID-ANGE1101%3E3.0.CO;2-2

http://dx.doi.org/10.1002/1521-3757(20020315)114:6%3C1101::AID-ANGE1101%3E3.0.CO;2-2

http://dx.doi.org/10.1002/1521-3773(20020315)41:6%3C1059::AID-ANIE1059%3E3.0.CO;2-5

http://dx.doi.org/10.1002/1521-3773(20020315)41:6%3C1059::AID-ANIE1059%3E3.0.CO;2-5

http://dx.doi.org/10.1002/1521-3773(20020315)41:6%3C1059::AID-ANIE1059%3E3.0.CO;2-5

http://dx.doi.org/10.1002/1521-3773(20020315)41:6%3C1059::AID-ANIE1059%3E3.0.CO;2-5

http://dx.doi.org/10.1021/ja026337d

http://dx.doi.org/10.1021/ja026337d

http://dx.doi.org/10.1021/ja026337d

http://dx.doi.org/10.1021/ja026337d

http://dx.doi.org/10.1021/ja002231b

http://dx.doi.org/10.1021/ja002231b

http://dx.doi.org/10.1021/ja002231b

http://dx.doi.org/10.1021/ja002231b

http://dx.doi.org/10.1021/ja0003831

http://dx.doi.org/10.1021/ja0003831

http://dx.doi.org/10.1021/ja0003831

http://dx.doi.org/10.1021/ja981142k

http://dx.doi.org/10.1021/ja981142k

http://dx.doi.org/10.1021/ja981142k

http://dx.doi.org/10.1021/ja981142k

http://dx.doi.org/10.1246/bcsj.70.1943

http://dx.doi.org/10.1246/bcsj.70.1943

http://dx.doi.org/10.1246/bcsj.70.1943

http://dx.doi.org/10.1016/0040-4039(91)80156-Z

http://dx.doi.org/10.1016/0040-4039(91)80156-Z

http://dx.doi.org/10.1016/0040-4039(91)80156-Z

http://dx.doi.org/10.1246/cl.1984.977

http://dx.doi.org/10.1246/cl.1984.977

http://dx.doi.org/10.1246/cl.1984.977

http://dx.doi.org/10.1246/cl.1984.977

http://dx.doi.org/10.1016/j.tet.2007.04.097

http://dx.doi.org/10.1016/j.tet.2007.04.097

http://dx.doi.org/10.1016/j.tet.2007.04.097

http://dx.doi.org/10.1016/j.tet.2007.04.097

http://dx.doi.org/10.1021/jo034638f

http://dx.doi.org/10.1021/jo034638f

http://dx.doi.org/10.1021/jo034638f

http://dx.doi.org/10.1246/bcsj.70.1943

http://dx.doi.org/10.1246/bcsj.70.1943

http://dx.doi.org/10.1246/bcsj.70.1943

http://dx.doi.org/10.1246/bcsj.70.1943

http://dx.doi.org/10.1002/adsc.200404124

http://dx.doi.org/10.1002/adsc.200404124

http://dx.doi.org/10.1002/adsc.200404124

http://dx.doi.org/10.1039/b408921a

http://dx.doi.org/10.1039/b408921a

http://dx.doi.org/10.1039/b408921a

http://dx.doi.org/10.1021/om020523a

http://dx.doi.org/10.1021/om020523a

http://dx.doi.org/10.1021/om020523a

www.chemeurj.org





D. L. Davies, J. Fawcett, S. A. Garratt, D. R. Russell, Organometal-
lics 2001, 20, 3029–3034.


[23] C. Bolm, K. Weickhardt, M. Zehnder, T. Ranff, Chem. Ber. 1991,
124, 1173–1180.


[24] For recent references on the use of pymox ligands L4 to L6 in catal-
ysis, see K. S. Yoo, C. P. Park, C. H. Yoon, S. Sakaguchi, J. OUNeill,
K. W. Jung, Org. Lett. 2007, 9, 3933–3935; M. P. Sibi, L. M. Stanley,
X. Nie, L. Venkatraman, M. Liu, C. P. Jasperse, J. Am. Chem. Soc.
2007, 129, 395–405; W. Xu, A. Kong, X. Lu, J. Org. Chem. 2006, 71,
3854–3858; D. W. Dodd, H. E. Toews, F. D. S. Carneiro, M. C. Jen-
nings, N. D. Jones, Inorg. Chim. Acta 2006, 359, 2850–2858; M. P.
Munoz, J. Adrio, J. C. Carretero, A. M. Echavarren, Organometallics
2005, 24, 1293–1300; K. Akiyama, K. Wakabayashi, K. Mikami,
Adv. Synth. Catal. 2005, 347, 1569–1575 and references therein.


[25] The enhanced regio- and enantioselectively is possibly the result of
the conformational rigidity of the ligand.


[26] Phenoxides, and electron-poor derivatives in particular, can be used
as leaving group by Pd-catalyzed Tsuji–Trost processes. See M. Hay-
ashida, M. Ishizaki, H. Hara, Chem. Pharm. Bull. 2006, 54, 1299–
1303; S. A. Weissman, D. Zewge, Tetrahedron 2005, 61, 7833–7863
and references therein.


[27] Such an equilibration phenomenon has been mentioned by Hartwig
and co-workers in the context of Iridium catalyzed etherification re-
actions. See ref. [12g] and a description in ref. [2a].


Received: April 2, 2008
Published online: May 21, 2008


Chem. Eur. J. 2008, 14, 5737 – 5741 I 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5741


COMMUNICATIONRuthenium-Catalyzed Decarboxylative Etherification



http://dx.doi.org/10.1021/om010092g

http://dx.doi.org/10.1021/om010092g

http://dx.doi.org/10.1021/om010092g

http://dx.doi.org/10.1021/om010092g

http://dx.doi.org/10.1002/cber.19911240532

http://dx.doi.org/10.1002/cber.19911240532

http://dx.doi.org/10.1002/cber.19911240532

http://dx.doi.org/10.1002/cber.19911240532

http://dx.doi.org/10.1021/ol701584f

http://dx.doi.org/10.1021/ol701584f

http://dx.doi.org/10.1021/ol701584f

http://dx.doi.org/10.1021/ja066425o

http://dx.doi.org/10.1021/ja066425o

http://dx.doi.org/10.1021/ja066425o

http://dx.doi.org/10.1021/ja066425o

http://dx.doi.org/10.1021/jo060288w

http://dx.doi.org/10.1021/jo060288w

http://dx.doi.org/10.1021/jo060288w

http://dx.doi.org/10.1021/jo060288w

http://dx.doi.org/10.1016/j.ica.2005.11.025

http://dx.doi.org/10.1016/j.ica.2005.11.025

http://dx.doi.org/10.1016/j.ica.2005.11.025

http://dx.doi.org/10.1021/om0491645

http://dx.doi.org/10.1021/om0491645

http://dx.doi.org/10.1021/om0491645

http://dx.doi.org/10.1021/om0491645

http://dx.doi.org/10.1002/adsc.200505154

http://dx.doi.org/10.1002/adsc.200505154

http://dx.doi.org/10.1002/adsc.200505154

http://dx.doi.org/10.1248/cpb.54.1299

http://dx.doi.org/10.1248/cpb.54.1299

http://dx.doi.org/10.1248/cpb.54.1299

www.chemeurj.org






DOI: 10.1002/chem.200800540


Mutual Responsive Hydrazide-Based Low-Molecular-Mass Organic Gelators:
Probing Gelation on the Molecular Level


Yong Yang, Ting Chen, Jun-Feng Xiang, Hui-Juan Yan, Chuan-Feng Chen,* and
Li-Jun Wan*[a]


Organogels are a new class of soft materials, which are
composed of a self-assembled suprastructure of low molecu-
lar-mass organic gelators (LMOGs) through specific interac-
tions and a large volume of organic liquid immobilized
therein.[1] Stimulated by their wide potential applications in
nanomaterials and delivery or modification agents for
paints, inks, cleaning agents, cosmetics, and drugs, great ef-
forts have been paid to this kind of new materials during
the past decade. Different types of LMOGs have been de-
veloped, including steroid,[2] amino acid,[3] anthryl deriva-
tives,[4] urea and thiourea derivatives,[5] sugar compounds,[6]


linear p-systems and chromophores.[7] However, most of
these LMOGs were discovered largely serendipitously or
via structural modification on the known gelators, and the
relationship between the structures of LMOGs and the
structural and rheological properties of their self-assembled
fibrillar networks (SAFINs) is not well understood. Special-
ly, stimuli sensitive or “smart” or “responsive” materials,[8]


such as photoactive gelators[9] featuring azo and stilbene
groups, pH-sensitive gelators,[9c,10] and electroactive gela-
tors[11] are very appealing for potential applications. In this
paper, we report, to the best of our knowledge, for the first
time two mutual “gel responsive” and solvent polarity sensi-
tive hydrazide based LMOGs.[12] Their gel–solution phase
transition can be achieved in a predictable fashion, which,
we believe, will find wide applications in the design of func-
tional materials.


During our ongoing project of hydrogen bonding mediat-
ed self-assembly,[13–15] we systematically modified the struc-
tures of hydrazide-based oligomers. When we tried to syn-


thesize diacetyl-terminated oligomer 1a from N1’-acetyl-4,6-
bis ACHTUNGTRENNUNG(octyloxy)-benzene-1,3-dihydrazide and malonic acid
using EDC·HCl as coupling agent in CH2Cl2 (Scheme 1),
stirring at room temperature for several hours resulted in a
viscous solution. With purified 1a at hand, extensive heating
also led to a solution in CHCl3 at a concentration of about
2% (w/w) viscous enough to perform top-down experiment.


This viscous mixture demonstrated gravity-induced flow
after a few minutes upon being inverted (Figure 1a). Addi-
tion of a small amount of methanol into the viscous mixture
resulted in a clear solution. A precipitate then formed when
more methanol was added. Similar results were also ob-
tained with the dibutyryl-terminated oligomer 1b. The only
difference is that the concentration competent for top-down
experiment dropped to as low as 1% (w/w). With isobuty-
loxy-derived oligomer 1c, only a precipitate in chloroform
was found. Atomic force microscope (AFM) images (Fig-
ure 1a) of xerogels of 1a or 1b showed needle-like nanofib-
er structures. Scanning electronic microscope (SEM) images
also provided similar results.[16] We further investigated self-
assembly of 1a on HOPG (High Oriented Pyrolytic Graph-
ite) by scanning tunneling microscope (STM) technology.
As provided in Figure 1b, STM image revealed an offset di-
meric structure for 1a. We propose that in contrast to oligo-
mers with complementary hydrogen boding sites,[15a] in addi-
tion to forming molecular duplex strands, abundant hydro-
gen bonding donor/acceptor sites that reside at the termini
of each duplex may further interact intermolecularly to
form a polymeric hydrogen bonding mediated supramolec-
ular zipper structure (Scheme 1). Further entanglement of
the polymeric zippers resulted in entrapment of solvent mol-
ecules. Van der Waals interactions among the interdigitated
octyl side chains as found in the X-ray structure of diacetyl-
terminated monomer[13a] may also play an important role in
the formation of the viscous mixture. Because the main in-
termolecular interactions stabilizing the self-assembled net-
works are hydrogen bonding, addition of competitive sol-
vents such as methanol can substantially affect the self-as-
sembly process, and ultimately destroy the networks which
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entrapped solvent molecules to form organogels. Compound
1a in chloroform also displayed a concentration dependency
in the 1H NMR spectra. Because of the viscous mixtures,
only a solution of 1a in CDCl3 as low concentration as 1 mm


displayed a resolvable spectrum. Addition of 2% CD3OD
into a viscous solution of 5 mm of 1a in CDCl3 also rendered
a resolvable spectrum. These findings also confirmed the
above hypothesis.


Gelation was also observed with dinaphthyl terminated
oligomer 2 (Scheme 2). As low concentration as 10 mm (ca.


0.8%, w/w) 2 in CHCl3 could form a gel. Addition of a
small amount of hydrogen bonding competitive solvents
such as methanol also led to gel–sol transformation. AFM
image (Figure 2a) on xerogel revealed entangled fibrous
structure. The longest fibers reached micrometer scale. We
propose that as in the case of 1, abundant hydrogen bonding
sites also led to a polymeric zipper structure as shown in
Scheme 2. Gelation was not observed with other similar
structures as diphenyl- or monophenyl-mononaphthyl termi-
nated oligomers.[17] In addition to hydrogen bonding and van


der Waals interactions, p–p


stacking interactions between
naphthalene rings as depicted
in Scheme 2 may also play an
important role in stabilizing the
junction zone and further the
gel formation. Interestingly, the
STM image revealed a polymer-
ic double helical structure for 2
on HOPG (Figure 2b).


As stated above, intermolec-
ular hydrogen bonding interac-
tions and/or p–p stacking inter-
actions promoted aggregation
along one dimension to form
nanofiber structures, and fur-
ther entanglement of these
nanofibers into networks ach-


Scheme 1. Synthesis and representation of self-assembly of 1 in apolar solvent, with hydrogen bonding highlighted.


Figure 1. a) AFM image of 1a on silica plate, showing the needle-like nanofiber structure, with digital photo-
graphs of (from left to right) gels of 1a in CHCl3, 2% (w/w); 1b in CHCl3, 1% (w/w); 1a in CHCl3, 2% (w/w)
demonstrating gravity-induced flow inserted. Scan size=5.00 um, Scan rate=1.001 Hz, Data scale=100 nm. b)
STM image of 1a on HOPG, showing the offset dimeric structure. The imaging conditions: Ebias =�500 mV,
Itip =612.4 pA.
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ieved entrapment of apolar solvents. Examination of the
chemical structures of 1 and 2 revealed that the hydrogen-
bonding sites in 1 and 2 were complementary. We wonder if
there exists a multipoint recognition directed supramolec-
ular substitution reaction to form a discrete heterodimer via
eight hydrogen bonds as depicted in Scheme 3, which blocks
abundant hydrogen-bonding sites, renders polymeric zipper
structures impossible and thus leads to mutual responsive
organogels? Our hypothesis was first evidenced by 1:1 mix-
ture of 1 and 2 in CDCl3. A clear solution appeared
(Scheme 3) and 1H NMR experiment revealed a well re-
solved spectrum (Figure 3). However, 1 alone in CDCl3 at
10 mm can not give a resolvable spectrum due to the viscous


solution. Signals for 2-Ha and 2-
He displayed up-field shifts.
This may result from their spe-
cific positions: they were at the
frontier of complexation. Con-
tacts between 1-Hf and 2-He, g
zone and h zone were observed
in the 2D NOESY spectrum
(Figure 4), which provided a di-
agnostic evidence for the hete-
rodimer structure. Variable
temperature 1H NMR experi-
ments revealed unique dynamic
behavior for complex 1·2 : mul-
tiple minor signals for NHs ap-
peared in the area between d 8
and 9 ppm and there displayed
a complicated picture in the


area between d 10.5 and 12.5 ppm at low temperatures
(Figure 3). A contact between 1-Hf and h zone was also ob-
served in 2D NOESY spectrum. These findings might sug-
gest intermolecular slide perpendicular to hydrogen bonds
between the two constituent molecules of the heterodimer.


In conclusion, we reported in this paper two mutual re-
sponsive hydrazide based oligomers 1 and 2 as LMOGs. In
addition to forming hydrogen bonded molecular duplex
strands, abundant hydrogen-bonding sites and/or p–p stack-
ing interactions further promoted aggregation along one-di-
mension to form fibrous structures. Because the main non-
covalent forces stabilizing the self-assembled networks are
hydrogen bonding, the gels are solvent polarity sensitive.


Scheme 2. Representation of self-assembly of 2 in apolar solvent, with hydrogen bonding and p–p stacking interactions highlighted.


Figure 2. a) AFM image of 2 on silica plate, showing the entangled fibrillar networks structure, with digital
photograph of gel from 2 in CHCl3, 0.8% (w/w) inserted. Scan size=8.00 um, Scan rate=0.5003 Hz, Data
scale=20 nm. b) STM image of 2 on HOPG, showing the polymeric double helical structure. The imaging con-
ditions: Ebias =793.9 mV, Itip =570.6 pA.
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For a 1:1 ratio of 1 and 2 in apolar solvents, gelation was no
longer observed, which could be explained on the basis of
the chemical structures that the hydrogen-bonding sites in 1


and 2 are complementary and a
multipoint recognition directed
supramolecular substitution re-
action leads to gel–sol phase
transition. Thus the gel–sol
transition can be controlled in a
predictable fashion. We believe
the new gel systems we present-
ed here will find wide applica-
tions in the future.


Experimental Section


Chemical preparation : Gelators 1 and
2 were prepared from coupling reac-
tions of corresponding hydrazide and
acid derivatives using EDC·HCl as
coupling agent. The full synthetic
routes and characterization data for
new compounds were provided in the
supporting information.


Gel preparation : Gelators 1 or 2 in a
sealed tube were heated extensively in
methanol free chloroform (typically
2 mL) until all solids dissolved. Upon
cooling at room temperature, gels
were obtained.


STM measurement : A Nanoscope IIIa
SPM (Digital Instruments, Santa Bar-
bara, CA) was employed to carry out
the STM experiments using a standard
constant-current mode under ambient
condition. The samples for the STM
measurements were prepared by plac-
ing a drop of octylbenzene solution
containing 1 mm corresponding com-
pounds on a freshly cleaved atomically


Scheme 3. Representation of supramolecular substitution reaction between 1 and 2, which leads to gel–solution
phase transition, with a photograph of a solution of 1 and 2 1:1 in CHCl3, each 2% (w/w) inserted and proton-
labeling Scheme indicated.


Figure 3. Stacked partial 1H NMR spectra of a) 2 in CDCl3 at 298 K
(10 mm, gel state); 1 and 2 1:1 in CDCl3 at b) 298 K, c) 253 K, d) 223 K,
each 10 mm, 600 MHz.


Figure 4. Partial 2D NOESY spectrum of 1 and 2 1:1 in CDCl3, with con-
tacts between g zone and h zone, 1-Hf and 2-He, 1-Hf and h zone shown,
each 10 mm, 300 MHz, 298 K.
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flat surface of HOPG (ZYB quality). STM tips were mechanically cut Pt/
Ir wire 90:10. All STM images are presented in the paper without further
processing. The tunneling conditions used are given in the corresponding
Figure captions.


AFM measurement : AFM measurements were carried out with a Nano-
Scope IIIa Extended Multimode AFM (Digital Instruments, SantaBar-
bara, CA) and a “J” scanner. All images were obtained with Tapping
mode AFM in air. Commercially available etched Si cantilevers (reso-
nance frequency: ~300 KHz, Digital Instruments) were employed. A
little drop of the viscous solution of 1a or a little block of the gel from 2
was placed on the Si cantilever and the sample was dried under cooling
condition. After all solvents were evaporated, the samples were subjected
to measurement.
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For many years helicenes were regarded as an academic
curiosity and a nice example of chirality without stereogenic
centers. The situation changed dramatically during the last
decade when fascinating optical[1] and electronic[2] properties
as well as attractive applications in bioorganic chemistry[3]


and asymmetric synthesis[4] emerged for these helical-shaped
molecules. In parallel, new synthetic methods that circum-
vented the problems often related with the classical photo-
cyclization of stilbenes,[5] including Diels–Alder reactions,[6]


cyclotrimerization of alkynes,[7] carbenoid couplings,[8] radi-
cal cyclizations,[9] Pd-mediated methodologies,[10] and olefin
metathesis[11] were developed. Recently, bridged triaryl-
amine heterohelicenes of the type 1–3 have been pre-
pared[12,13] and studied[13,14] in the belief that the introduction
of molecular helicity, sterically driven by the increasing
overlap of the terminal a and b aryl rings, influences[2b] the
well known photochemical and physical properties of triaryl-
amines.[15]


As a continuation of our efforts related to sulfur heterocy-
cles chemistry,[16] we focused on compound 3, which was pre-


pared by building the triarylamine skeleton by employing a
Buchwald–Hartwig type cross-coupling of an open iodo-ani-
line in the final step of a multistep reaction sequence.[13] We
envisaged that derivatives like 3 could be accessible by a
cascade of regioselective electrophilic aromatic sulfur inser-
tions,[17] by applying the chemistry of the phthalimidesulfen-
yl chloride (4) (PhtNSCl, Pht=phthaloyl) to properly substi-
tuted triarylamines.


The reaction of tris(4-methylphenyl)- (5a) and tris(4-me-
thoxyphenyl)amine (5b) with one equivalent of 4 occurred
smoothly at room temperature to give mono-sulfenylation
ortho to the amine nitrogen atom. The bis-sulfenylation can
however be achieved under more forcing reaction conditions
(Scheme 1), which allowed the isolation of derivatives 6a
and 6b in 83% yield. In line with our previous results,[18] the
introduction of a N-thiophthalimide group strongly deacti-
vates the aromatic system, preventing further substitutions.
Moreover, using triarylamines as substrates, protonation at
the amine nitrogen, due to the HCl formed during sulfenyla-
tion, represents a supplementary obstacle to the polysubsti-
tution. Indeed, we were unable to carry out an exhaustive
sulfenylation of all three aromatic rings of 5a or 5b.


The electrophilic character of sulfenamide sulfur in N-thi-
ophthalimides can be increased by using Lewis acids.[17] Sat-
isfyingly, reacting derivatives 6a and 6b with BF3·Et2O or
AlCl3 triggers an intramolecular attack of the aromatic ring
on the adjacent sulfur atom, leading to the formation of het-
ero[4]helicenes 7a and 7b in 85 and 87% yield, respectively
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(Scheme 1). Applying this straightforward procedure to
tris(3,4,5-trimethoxyphenyl)amine 5c, we observed the for-
mation of heterohelicene 7c during the bis-sulfenylation
process, without the use of any Lewis acid as catalyst. We
reasoned that, after the initial introduction of the N-thio-
phthalimide groups, a possible protonation at the sulfena-
mide nitrogen atom[19] and the high nucleophilic character
of the trimethoxy-substituted aromatic ring can contribute
to activating the sulfur atom and promoting the intramolec-
ular SEAr processes.[20] In this way, the hetero[4]helicene 7c
was isolated in 63% yield as the result of four consecutive
one-pot regioselective electrophilic sulfur insertions
(Scheme 1).


A fairly simple modification of the reaction sequence al-
lowed access to hetero[6]helicenes (Scheme 2). Monosulfe-
nylation of amine 8 with 4 gave chemo- and regioselectively
sulfenamide 9 in 87% yield. Cyclization of 9 with an excess
of BF3·Et2O led to the two expected 1,4-thiazines 10 and 11
in a 10:1 ratio and 70% overall yield. Gratifyingly, the
major isomer 10 reacts with 4 under the above-described
conditions, and thereby undergoes sulfenylation followed by
a spontaneous intramolecular proton-mediated cyclization,
to afford hetero[6]helicene 12 in 75% yield (Scheme 2).


The assignments of the structures of the helicenes 7a–c
and 12 were supported by spectroscopic data and confirmed
for 7a, 7c, and 12 by single-crystal X-ray analysis (see the-
Supporting Information). The length of the Csp2�S bond
causes a greater overlay of the a and b aromatic rings com-


pared with the situation in derivatives 1 and 2[13] (Figure 1
and torsion angles in Table 1),[21] suggesting a peculiar stabil-
ity against a reversal of the helicity.


The enantiomers of heterohelicenes 7a–c and 12 were ef-
fectively separated by HPLC using a column packed with an
amylose-based chiral stationary phase.[22] Positive identifica-
tion of the enantiomers was obtained by dual simultaneous
UV and CD detection that gave, at any wavelength between
254 and 400 nm, bisignate peaks of equal area, as expected
for a racemate (see the Supporting Information).


For 7a the analytical separation was easily scaled up to
the milligram range, affording the individual enantiomers of
the heterohelicenes 7a with ee=99.9% and 97.6% for the
first and second eluted enantiomers, respectively. The first
and second eluted enantiomers of 7a exhibited [a]D values
of (+)-376 and (�)-376 (c=0.11, hexane), respectively.[23]


Racemization of the resolved (+)-7a and (�)-7a enantio-
mers was not achieved when they were heated for 8 h in
decalin at 95 8C. However, thermal racemization was ob-
served when (+)-7a was heated at 121, 135, and 145 8C in
decalin. The decay of enantiomeric excess over time was


Scheme 1. Synthesis of thia-bridged hetero[4]helicenes from triarylamines
by four consecutive electrophilic aromatic sulfur insertions with phthal-
imidesulfenyl chloride.


Scheme 2. Access to hetero[6]helicene 12.


Table 1. X-ray torsion angles [8][21] between the planes of terminal a and
b phenyl rings in heterohelicenes 1,[12] 2,[13] 3,[13] 7a, 7c, and 12.


Helicene 1 2 3 7a 7c 12


angle [8] 41.9 43.0 62.3 61.4 65.3 74.5
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monitored by enantioselective HPLC. Good first-order ki-
netics were displayed by the experimental data points, from
which the rate constants of 2.2N10�5 (121 8C), 1.2N10�4


(135 8C), and 2.6N10�4 s�1 (145 8C) were calculated for the
racemization process.[24] The energy barriers of racemization
DG� =131.9–132.6�0.5 kJmol�1 in the 121–145 8C tempera-
ture range were obtained, with DH� =137�0.5 kJmol�1 and
DS� =12�6 Jmol�1K�1. Thus, the energy barrier for the hel-
icity reversal in the thia-bridged hetero[4]helicene 7a is be-
tween that of the parent [5]helicene (DG� =101 kJmol�1 at
20 8C)[5d] and [6]helicene (DG� =151 kJmol�1 at 27 8C),[5d]


which allows an easy physical separation and chiroptical
characterization of the individual M/P enantiomers at room
temperature.


The absolute configuration of 7a was determined by com-
parison of the vibrational circular dichroism (VCD) spectra
of the two enantiomers, P-7a and M-7a, calculated by using
density functional theory (DFT), to the experimental VCD
spectrum of (+)-7a, a methodology used previously in deter-
mining the absolute configurations of chiral-chromatogra-
phy-resolved enantiopure molecules[25] (see the Supporting
Information). Conformational analysis of 7a, using the
MMFF94 force field, showed 7a to be a conformationally
rigid molecule. Reoptimization of the MMFF94 geometry,
using DFT at the B3PW91/TZ2P level, and calculation of
the B3PW91/TZ2P harmonic vibrational frequencies and ro-
tational strengths, led to the VCD spectrum of P-7a and to
the predicted structure of P-7a, which is shown in Figure 1


together with the X-ray structure of rac-7a (P enantiomer
was arbitrarily chosen among the two molecules included in
the asymmetric unit, see Supporting Information). The pre-
dicted VCD spectrum of P-7a is in excellent qualitative
agreement with the experimental VCD spectrum of (+)-7a,
leading to the conclusion that the absolute configuration of
7a is unambiguously P-(+). Further support for the reliabili-
ty of the DFT calculations for 7a is provided by the excel-
lent agreement of the predicted B3PW91/TZ2P equilibrium
geometry and the X-ray structure. The X-ray structure tor-
sion angle between the terminal a and b phenyl ring planes
of 7a is 61.48 (Table 1); the B3PW91/TZ2P torsion angle is
66.38 (Figure 1).


In summary we have shown a very practical access to
thia-bridged triarylamine hetero[4]- and -[6]helicenes by


four consecutive (one-pot) electrophilic regioselective aro-
matic sulfur insertions. Owing to their remarkably high race-
mization barrier, these derivatives can be resolved by
HPLC, and the absolute configuration for 7a has been de-
termined as P-(+) by ab initio calculations and by experi-
mental measurement of VCD spectra. The synthesis of simi-
lar helicenes with potential application in asymmetric syn-
thesis or biorganic chemistry is ongoing.


Experimental Section


A detailed experimental procedure including synthesis, X-ray structure
determination, HPLC separation, and determination of absolute configu-
ration is available in the Supporting Information. The following proce-
dure for the synthesis of helicene 7a from amine 5a is reported as de-
monstrative.


Bis-N-thiophthalimide (6a): To a solution of tris ACHTUNGTRENNUNG(p-tolyl)amine (5a)
(1.0 mmol) in dry CHCl3 (15 mL) was added phthalimidesulfenyl chloride
(4) (2.3 mmol) under a nitrogen atmosphere. After stirring at 60 8C for
24 h, the reaction mixture was diluted with CH2Cl2 (5 mL), and washed
with a saturated NaHCO3 solution (2N30 mL) and water (2N30 mL).
The organic layer was dried over Na2SO4, filtered, concentrated under re-
duced pressure, and the crude material purified by flash chromatography
(CH2Cl2/petroleum ether 4:1) to provide the thiophthalimide 6a as a
yellow solid (83% yield). M.p. 259–261 8C; 1H NMR (CDCl3, 400 MHz):
d=2.22 (s, 6H), 2.26 (s, 3H), 6.68–6.71 (m, 2H), 6.86 (d, J=1.2 Hz, 2H),
7.03–7.07 (m, 4H), 7.49 (d, J=8.0 Hz, 2H), 7.76–7.81 (m, 4H), 7.91–
7.96 ppm (m, 4H); 13C NMR (CDCl3, 50 MHz): d =20.92, 21.37, 118.42,
124.13, 127.10, 128.92, 129.83, 130.36, 130.56, 132.26, 133.75, 134.71,
136.35, 141.61, 146.31, 167.96 pm; IR (KBr): ñ=1787 + 1742 + 1709
(C=O stretching PhtN), 1278 cm�1; MS (70 eV): m/z (%): 641 (3) [MC+],
147 (43), 76 (100), 50 (88); elemental analysis calcd (%) for
C37H27N3O4S2: C 69.25, H 4.24, N 6.55; found: C 69.38, H 4.10, N 6.12.


Hetero[4]helicene 7a : To a solution of bis-N-thiophthalimide 6a
(1.0 mmol) in dry CH2Cl2 (50 mL) was added BF3·Et2O (40.0 mmol)
under a nitrogen atmosphere. After the mixture had been stirred for 3 h
at room temperature, the mixture was diluted with CH2Cl2 (15 mL) and
washed with a saturated Na2CO3 solution (2N60 mL) and a saturated
NaF solution (2N60 mL). The organic layer was dried over Na2SO4.
Evaporation of the solvent gave a crude product that was purified by
flash chromatography (petroleum ether/CH2Cl2 2:1) to afford the hetero-
helicene 7a as a white solid (85% yield) further purified by recrystalliza-
tion from CHCl3. M.p. 162–164 8C; 1H NMR (C6D6, 400 MHz): d=1.80
(s, 3H), 1.96 (s, 6H), 6.55–6.59 (m, 4H), 6.87 (d, J=1.2 Hz, 2H),
6.95 ppm (d, J=8.4 Hz, 2H); 13C NMR (C6D6, 50 MHz): d=20.25, 20.56,
120.56, 125.98, 126.38, 127.31, 128.35, 134.07, 134.54, 137.78, 137.95,
140.90 ppm; MS (70 eV): m/z (%): 347 (100) [MC+], 315 (47), 158 (50); el-
emental analysis calcd (%) for C21H17NS2: C 72.58, H 4.93, N 4.03;
found: C 72.10, H, 4.98, N 3.99.
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Figure 1. B3PW91/TZ2Pstructure of P-7a (left), and X-ray structure of
rac-7a (right, P enantiomer chosen arbitrarily).
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Many antitumor agents such as cisplatin and nitrogen
mustard work through a DNA cross-linking mechanism, in
which interstrand cross-linking is especially important.[1]


These agents covalently bind to the DNA duplex and inhibit
both replication and transcription in tumor cells eventually
killing them.[2] However, the application of these drugs has
been limited by their toxic side effects in normal cells. The
possibility of selectively destroying the DNA of tumor cells
by induction has been given much attention in medicinal re-
search. Inducible DNA cross-linking agents have provided a
promising method for specifically damaging tumor cells.[3]


The inducible formation of o-quinone methide (o-QM) as a
precursor of antitumor agents has been reported by many
groups because o-QM is highly reactive with DNA.[4] Our
group has reported several efficient DNA cross-linking
agents derived from an o-QM intermediate induced by a bi-
phenol quaternary ammonium structure[5] and a biphenol
selenide structure.[6] Recently, Kodadek1s group reported
that biotinylated catechol derivatives could cross-link pro-
teins via an o-quinone intermediate induced by NaIO4.


[7]


The quinone intermediate induced by the oxidation of a cat-
echol appears to be a promising agent for studying the prop-


erties of complicated biological complexes,[8] and moreover,
this oxidative activity can be carried out by a ubiquitous
enzyme, that is, tyrosinase.[9] Encouraged by their reports,
we designed and synthesized a new family of DNA cross-
linking agents: bis ACHTUNGTRENNUNG(catechol) quaternary ammonium deriva-
tives (Figure 1). We found that they could cross-link DNA
potently via an o-quinone intermediate induced by oxida-
tion.


Compounds 1–3 are composed of two catechol monomers
acting as DNA cross-linking units, and are joined by differ-
ent linkers that act as DNA binding units. In order to ach-
ieve high affinity to DNA, positive charged linkers and qua-
ternary ammonium were considered for use. Furthermore,
aliphatic and aromatic chains were investigated to deter-
mine which of them resulted in favorable cross-linking reac-
tions, and to determine the relationship between agent flexi-
bility and DNA cross-linking abilities. These compounds
were prepared as shown in the supporting information. All
new compounds were fully characterized by NMR spectros-
copy and HRMS analysis.
The DNA–DNA cross-linking abilities of compounds 1–3


were firstly studied using tyrosinase as oxidative agent. Ty-
rosinase is a binuclear copper enzyme occurs in all organ-
isms, which can catalyze the oxidation of catechols to qui-
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Figure 1. Structures of bis ACHTUNGTRENNUNG(catechol) derivatives.
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nones.[10] The experiments were performed by denaturing al-
kaline agarose gel electrophoresis, as previously reported.[11]


In the presence of tyrosinase, each compound exhibited po-
tential cross-linking abilities (Figure 2). It is not surprising
that compound 2 obtains the best cross-linking result, be-
cause it has the similar aromatic units with DOPA, which is
the natural oxidation substrate of tyrosinase.[9,10]


Upon different oxidative activations, these compounds
also exhibit fine DNA cross-linking ability (Figure 3).
Sodium periodate, which is inert to common proteins and
nucleotides, is a suitable reagent to induce oxidation at
physiological pH. One interesting phenomenon is that the
results of compounds 2 in two inductive methods were
widely divergent. Similar conclusion from previous study
that experimental results could be quite different by using
NaIO4 and tyrosinase encourages us to look for more rea-
sonable explanations.[12]


No visible cross-linking band in lane 1–3 (Figure 3) shows
that the cross-linking ability of compound 2 has disappeared
under the oxidation by NaIO4. We proposed that the posi-
tion of the dihydroxy groups plays an important role in its
different cross-linking ability in two ways. In the mechanism
reported by Kodadek,[7,8] the oxidized product of catechol a
or b has only one main position for the nucleophilic reac-
tion. The mechanism of nucleophilic addition is similar with
the addition reactions of unsaturated aldehydes or ketones
(Scheme 1). The product formation step for substrate a
might be more disturbed by the steric hindrance effect than
for substrate b. For compound 2, the steric hindrance might
prevent the electron deficiency region of the quinone to be
the reaction position with DNA.


The different stability of these kinds of substrates to oxi-
dation might be another effective influence factor in the dif-
ferent cross-linking results. Previous research in the cate-
chols analogues reported that the diphenol such as com-
pound 2 with a 3,4-dihydroxy substitution in the benzene
ring is more sensitive to the oxidation than a 2,3-dihydroxy
substitution such as in compound 3.[13] The unstable property
of compound 2 might induces more side reactions and de-
creases its cross-linking capacity.
The oxidative reactions were monitored by UV/Vis spec-


troscopy by following the formation of quinone intermedi-
ate.[14] As shown in Figure 4, the increment of an absorption
band at 380 nm and opposite change of the band at 280 nm
reflected the consumption of catechol units and the subse-
quent oxidation to ortho-quinones. The difference between
the titration experiments of compound 2 and 3 was the ap-
pearance of one additional band around 310 nm within the
oxidative process of compound 2 (Figure 4b). This new band
indicated the generation of side products. This could also ex-
plain the assumption that the instability of 2 might decrease
the cross-linking yield, especially under the intense oxidative
condition.
Obviously, interstrand cross-linking is the most efficacious


modification for thoroughly blocking strand opening, and
has the potential for application in tumor chemotherapy. To
identify the cross-linking mode, we used linearized pUC 19
together with pBR322 in denaturing alkaline agarose gel


Figure 2. Concentration dependence of compounds 1–3 for DNA cross-
linking (tyrosinase oxidation). The concentration of tyrosinase was fixed
as 28 mm. lane 4, 8, 12 are the control lane without tyrosinase oxidation.
Lane 13 is the control lane only with tyrosinase and without the com-
pounds. lane 1, 0.7 mg pBR322 + 10 mm 1 + tyrosinase; lane 2, 0.7 mg
pBR322 + 20 mm 1 + tyrosinase; lane 3, 0.7 mg pBR322 + 50 mm 1 + ty-
rosinase; lane 4, 0.7 mg pBR322 + 50 mm 1; lane 5, 0.7 mg pBR322 +


10 mm 2 + tyrosinase; lane 6, 0.7 mg pBR322 + 20 mm 2 + tyrosinase;
lane 7, 0.7 mg pBR322 + 50 mm 2 + tyrosinase; lane 8, 0.7 mg pBR322 +


50 mm 2 ; lane 9, 0.7 mg pBR322 + 10 mm 3 + tyrosinase; lane 10, 0.7 mg
pBR322 + 20 mm 3 + tyrosinase; lane 11, 0.7 mg pBR322 + 50 mm 3 +


tyrosinase; lane 12, 0.7 mg pBR322 + 50 mm 3 ; lane 13, 0.7 mg pBR322 +


tyrosinase; Marker lane, 1.5 mg lambda DNA/HindIII (molecular weight
standard).


Figure 3. Concentration dependence of compounds 1–3 for DNA cross-
linking (NaIO4 oxidation). The concentration of NaIO4 was fixed as
200 mm. lane 4, 8, 12 are the control lane without the NaIO4 oxidation.
Lane 13 is the control lane only with NaIO4 and without the compounds.
lane 1, 0.7 mg pBR322 + 1 mm 2 + NaIO4; lane 2, 0.7 mg pBR322 +


20 mm 2 + NaIO4; lane 3, 0.7 mg pBR322 + 50 mm 2 + NaIO4; lane 4,
0.7 mg pBR322 + 50 mm 2 ; lane 5, 0.7 mg pBR322 + 1 mm 1 + NaIO4;
lane 6, 0.7 mg pBR322 + 20 mm 1 + NaIO4; lane 7, 0.7 mg pBR322 +


50 mm 1 + NaIO4; lane 8, 0.7 mg pBR322 + 50 mm 1; lane 9, 0.7 mg
pBR322 + 1 mm 3 + NaIO4; lane 10, 0.7 mg pBR322 + 20 mm 3 +


NaIO4; lane 11, 0.7 mg pBR322 + 50 mm 3 + NaIO4; lane 12, 0.7 mg
pBR322 + 50 mm 3 ; lane 13, 0.7 mg pBR322 + NaIO4; lane 14, 0.7 mg
pBR322 (control); Marker lane, 1.5 mg lambda DNA/HindIII (molecular
weight standard).


Scheme 1. Proposed mechanism of oxidative addition reaction between
DNA and catechol.
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electrophoresis (Figure 5, Figures S1, S2 in Supporting Infor-
mation). The absence of a band for interhelix DNA cross-
linking clearly demonstrated that interstrand cross-linking
was definitely the main type of DNA cross-linking. The lack
of the band near the one stands for single strand plasmid
also indicated that intrastrand cross-linking rarely oc-
curred.[15]


To further investigate the DNA cross-linking capabilities
of these agents, plasmid DNA was substituted with oligonu-
cleotide OD1 (Figure 6, Figures S3, S4 in the Supporting In-
formation). After annealing, the non-cross-linked duplex
was mixed with excess bis ACHTUNGTRENNUNG(catechol) derivatives. Then, a
NaIO4 or tyrosinase solution was added in excess. The reac-
tion mixtures were analyzed by 20% denaturing PAGE,
with the 39-mer oligonucleotide serving as the marker. The
similar position of the 39-mer oligonucleotide and the high-
molecular-weight products generated by three compounds
indicated the formation of cross-linked products. The inten-
sity order of interstrand cross-linking using oligonucletide
by different oxidative methods was consistent with the re-
sults using linearized plasmid DNA. This observation con-
firm our assumption that tyrosinase attacked compound 2
with dihydroxy groups in meta- and para-positions, but
under NaIO4 oxidation conditions, compound 3 the elec-
tron-rich region of which has less steric hindrance acts as a
more efficient cross-linking agent. We are currently further
investigating this effect as well as the structures generated.


In addition we calculated the structure of the three com-
pounds on the basis of DFT geometry optimization to un-
derstand the binding properties of these compounds with
DNA. From the energy-minimized structure, we found that
the linker chains spread in the greatest degree of relaxation.
In this state, the positive charges in the chains might be ex-
posed in maximum extent. Thus the static interaction be-
tween the compounds and DNA could immobilize the com-
plexes tight which allows an easy quinone nucleophilic
attack to DNA after the binding and oxidation process.
In conclusion, a series of bis ACHTUNGTRENNUNG(catechol) compounds was de-


signed and synthesized, and their abilities to cross-link plas-


Figure 4. UV/Vis spectra obtained from titration of compound 2, 3 with
NaIO4 solution in phosphate buffer (pH 7.7). Arrows indicate trends in
absorbance with the addition of NaIO4 solution; the oxidation of com-
pound a) 3 and b) 2.


Figure 5. Denaturing alkaline agarose gel for linearized plasmid DNA
pBR322 and pUC19 by compounds 1, 2, 3 under NaIO4 oxidation. The
concentration of NaIO4 was fixed as 200 mm. lane 4, 8, 12 are the control
lane without the NaIO4 oxidation. Lane 13 is the control lane only with
NaIO4 and without the compounds. lane 1, 0.7 mg pBR322 + 50 mm 2 +


NaIO4; lane 2, 0.7 mg pUC19 + 50 mm 2 + NaIO4; lane 3, 0.7 mg
pBR322 + 0.7 mg pUC19 + 50 mm 2 + NaIO4; lane 4, 0.7 mg pBR322 +


0.7 mg pUC19 + 50 mm 2 ; lane 5, 0.7 mg pBR322 + 50 mm 1 + NaIO4;
lane 6, 0.7 mg pUC19 + 50 mm 1 + NaIO4; lane 7, 0.7 mg pBR322 +


0.7 mg pUC19 + 50 mm 1 + NaIO4; lane 8, 0.7 mg pBR322 + 0.7 mg
pUC19 + 50 mm 1; lane 9, 0.7 mg pBR322 + 50 mm 3 + NaIO4; lane 10,
0.7 mg pUC19 + 50 mm 3 + NaIO4; lane 11, 0.7 mg pBR322 + 0.7 mg
pUC19 + 50 mm 3 + NaIO4; lane 12, 0.7 mg pBR322 + 0.7 mg pUC19 +


50 mm 3 ; lane 13, 0.7 mg pBR322 + 0.7 mg pUC19 + NaIO4; lane 14,
0.7 mg pBR322 + 0.7 mg pUC19 (control); marker lane, 1.5 mg lambda
DNA/HindIII (molecular weight standard).


Figure 6. Cross-linking results of compound 1, 2 and 3 with duplex OD1
under oxidation. (A) NaIO4 as oxidative agent. The concentration of
NaIO4 was fixed as 50 mm. lane b, compound 3 (4 mm) + OD1 (4 mm) +


NaIO4 (50 mm) (cross-linking yield 9.3%); lane c, compound 1 (4 mm) +


OD1 (4 mm) + NaIO4 (50 mm) (cross-linking yield 7.2%) (B) tyrosinase
as oxidative oxidation, E= tyrosinase. The concentration of tyrosinase.
was fixed as 28 mm. lane k, compound 3 (10 mm) + OD1 (4 mm) + tyrosi-
nase (28 mm); lane l, compound 1 (10 mm) + OD1 (4 mm) + tyrosinase
(28 mm) (cross-linking yield 8.7%); lane m, compound 2 (1.25 mm) +


OD1 (4 mm) + tyrosinase (28 mm) (cross-linking yield 16.6%).
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mid DNA and oligonucleotide were investigated by NaIO4


and enzyme oxidative inducement. The site at which the
compounds reacted with oligonucleotide and their potency
provide potential avenues of research or the development of
new anticancer drugs.


Experimental Section


Full experimental details for the preparation of the compounds, experi-
mental procedures for the DNA cross-linking experiments, UV/Vis spec-
tra analysis, and calculation experiments are included as Supporting In-
formation.
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Introduction


The synthesis, characterisation and study of energetic mate-
rials have been the focus of our investigations over the last
several years.[1–7] There are several criteria that new high-
energy density materials (HEDMs) should meet[8] in order
to be considered as feasible replacements for currently
known energetic compounds, such as hexahydro-1,3,5-tri-
ACHTUNGTRENNUNGnitro-1,3,5-triazine (RDX), trinitrotoluene (TNT) or pen-
taerythritol tetranitrate (PETN). Ideally, new compounds
should have detonation parameters (e.g., velocity) compara-
ble to those of known widely used high explosives (e.g.,
DRDX�8800 ms�1),[9] good thermal stabilities of at least
200 8C, they should be hydrolytically stable with shelf lives
longer than 15 years, be compatible with binders and/or
plasticisers, insensitive to friction (>7 J) and shock
ACHTUNGTRENNUNG(>120 N), have low (no) solubility in water, the decomposi-
tion products should be environmentally benign and the
yield for their synthesis should be high and the price low.
The performance of an energetic material is mainly a func-
tion of the density of the compound, its oxygen coefficient
and its heat of formation; all three parameters are governed
by its molecular structure.[10] The higher the nitrogen con-
tent, the higher the heat of formation,[11] which is in turn di-
rectly related to the performance of the material.


We are interested in azole-based energetic compounds
with respect to the continuous interest in high-nitrogen ma-


terials as ingredients for propellants and explosives[12,13] and
are seeking for new energetic compounds with high densities
and high positive heats of formation.[14–16] Tetrazole-based
energetic materials seem to show the best compromise be-
tween high heats of formation and good thermal stabilities.
On the other hand, the presence of one carbon atom in the
ring limits the introduction of functionality, whereas tria-
zole-based energetic materials can be much more readily de-
rivatised, for example, to the dinitro[17] diamino[18] or diazi-
do[19] compounds; the presence of two carbon atoms allows
the easy introduction and/or combination of two of the
aforementioned highly endothermic functional groups, al-
lowing the formation of compounds with high positive heats
of formation (i.e., high performances). Among others, tria-
zolium-based energetic materials have found use as high ex-
plosives,[20] gas generators[21] and ionic liquids.[22] This last
material may possibly find application in melt-cast explo-
sives.


Child et al.[23a] were the first to synthesise 3,4,5-triamino-
1,2,4-triazole (guanazine, 1) by heating dimethylcyanamide
with hydrazine hydrate under reflux. Recently, we discov-
ered the potential of 1, which has a nitrogen content of
�73.6%, for the formation of nitrogen-rich energetic salts
with anions such as 5-nitrotetrazolate,[23b] picrate and 5,5’-
azotetrazolate.[24] Protonation of the triazole ring, proceeded
unambiguously on N2/N3 from the triazole ring, rather than
on the N�NH2 or one of the C�NH2 groups, as verified by
X-ray diffraction studies. These are new examples of guana-
zinium salts, in addition to the already reported dinitramide,
perchlorate and nitrate salts.[25] However, an interesting
azide salt has not been reported so far. Our experience in
the laboratory indicates that due to the higher acidity of the
guanazinium cation in respect to hydrazoic acid, guanazini-
um azide dissociates readily in solution to guanazine and hy-
drazoic acid. With this in mind, we synthesised guanazine


Abstract: 3,4,5-Triamino-1,2,4-triazole
(guanazine, 1) can be readily methylat-
ed with methyl iodide yielding methyl-
guanazinium iodide (2). Salts contain-
ing the novel methylguanazinium
cation with energetic anions were syn-
thesised by metathesis reactions with
silver azide (3), silver nitrate (4), silver
perchlorate (5), sodium 5,5’-azotetrazo-
late (6), silver 5-nitrotetrazolate (7)
and silver dinitramide (8), yielding a
new family of heterocycle-based salts,
which were fully characterised by ana-
lytical (mass spectrometry and elemen-
tal analysis) and spectroscopic methods
(IR, Raman and NMR). In addition,
the molecular structures of all com-
pounds were confirmed by X-ray anal-


ysis, revealing extensive hydrogen-
bonding in the solid state and densities
between 1.399 (3) and 1.669 gcm�3 (5).
The hydrogen-bonded ring motifs are
discussed in the formalism of graph-set
analysis for hydrogen-bond patterns
and compared to each other. Prelimi-
nary sensitivity testing of the crystalline
compounds indicate surprisingly low
sensitivities to both friction and
impact, the highest friction and shock
sensitivity being found for the perchlo-


rate (5, 220 N) and the dinitramide (8,
20 J) salts, respectively. In addition,
DSC analysis was used to assess the
thermal stabilities of the compounds:
3–6 melt above 200 8C with concomi-
tant decomposition, whereas 7 and 8
have clearly defined melting points at
162 and 129 8C, respectively, and with
decomposition occurring about 30 8C
above the melting point. Lastly all
compounds have positive calculated
heats of formation between 336 (4) and
4070 kJkg�1 (6) and calculated detona-
tion velocities in the range between
8330 (7) and 8922 ms�1 (6) making
them of interest as new highly energet-
ic materials with low sensitivity.


Keywords: density functional calcu-
lations · energetic salts · graph-set
analysis · nitrogen heterocycles ·
NMR spectroscopy
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(1)[23] and quaternised it with methyl iodide forming 1-
methyl-3,4,5-triamino-1,2,4-triazolium iodide (MeGI, 2),
which had not been described in the literature prior to our
studies,[26] and surprisingly, had not been considered for the
synthesis of energetic salts. We report here on the use of 2
as a useful starting material for the synthesis of energetic
salts. The presence of the methyl group instead of a proton
should not only allow us to obtain the highly endothermic
azide compound, but also increase the thermal stability of
the new materials, at the same time having reasonably high
nitrogen contents, necessary for high heats of formations
and environmentally friendly decomposition products. The
presence of the three amino groups should lead to the for-
mation of significantly hydrogen-bonded networks, which
should result in high densities. Therefore, we decided to
screen salt-based derivatives of methylguanazine with oxi-
dising anions such as nitrate (4), perchlorate (5) and dinitra-
mide (8), as well as with nitrogen-rich anions such as azide
(3), 5,5’-azotetrazolate (6) and 5-nitrotetrazolate (7). The
combination of the MeG+ ion with the above-mentioned
oxidising anions yields 4, 5 and 8, which have better oxygen
balances (W) values, that is, between �44 (dinitramide) and


�63% (nitrate), than, for example, TNT (W=�74%). The
use of azide or azotetrazolate as the counteranion should
give compounds with high positive heats of formation due
to the nitrogen catenation, whereas the nitrotetrazolate salt
should not only introduce endothermicity, but also improve
the oxygen balance (W =�69%). However, the prediction
of the crystal packing is often troublesome due to the multi-
plicity of structural possibilities and the lack of directionality
of the intermolecular interactions. In consequence, it is im-
portant to closely examine the structural details, which may
account for packing effects and, in last instance, for the
properties of the compounds.


Results and Discussion


Synthesis : The synthesis of salts containing the methylgua-
nazinium cation (3–8) was accomplished by metathesis of
methylguanazinium iodide (2), prepared according to a pre-
viously reported procedure in our group,[26] with one equiva-
lent of a suitable energetic anion-transfer reagent (generally
a silver salt). In the case of compound 6 the 5,5’-azotetrazo-
late transfer reagent used was the sodium salt (Scheme 1).
In addition, the dinitramide salt 7 was alternatively and
more safely prepared by reaction with silver(bispyridine) di-
nitramide [Ag(py)2ACHTUNGTRENNUNG(N3O4)].


[27]


Quaternisation of the triazole ring by reaction of guana-
zine with methyliodide to form the methylguanazinium
cation, allowed us to prepare the azide salt (3), which could
not be prepared with the guanazinium cation, due to the
fact that protonated guanazine (GH+) protonates the azide
anion to form guanazine and hydrazoic acid (pKaACHTUNGTRENNUNG(HN3)=


4.7).[30] This is in analogy to previous studies in our group on
tetrazolium salts.[31]


Vibrational and NMR spectroscopy: The most intense band
in the Raman spectra (Figure 1) of the methylguanazinium
salts synthesised corresponds to the vibration modes of the
anions. They are observed at the following wavenumbers:
1347 cm�1 (azide, n(N3)),


[32] 1049 cm�1 (nitrate, n ACHTUNGTRENNUNG(NO3)),
[33]


936 and 462 cm�1 (perchlorate, n ACHTUNGTRENNUNG(ClO4) and dACHTUNGTRENNUNG(ClO4)),
[34]


1373, 1410 and 1488 cm�1 (azotetrazolate, nsymACHTUNGTRENNUNG(C�Nazo),
nasACHTUNGTRENNUNG(C�N3) and n(Nazo=Nazo)),


[13a] 1069 and 1418 cm�1 (nitrote-
trazolate, n ACHTUNGTRENNUNG(N-N-C)ring and n ACHTUNGTRENNUNG(NO2))


[7b] and 1312 cm�1 (dini-


Abstract in Spanish: 3,4,5-Triamino-1,2,4-triazol (guanazina,
1) puede metilarse f"cilmente con iodometano para formar
ioduro de metilguanazino (2). Sales compuestas por el nuevo
cation de metilguanazino con aniones energ&ticos fueron sin-
tetizadas por met"tesis del compuesto 2 con azida de plata
(3), nitrato de plata (4), perchlorato de plata (5), 5,5’-azote-
trazolato de sodio (6), 5-nitrotetrazolato de plata (7) y dini-
tramida de plata (8) dando lugar a la formaci(n de una
nueva familia de sales heteroc)clicas. Los compuesto fueron
characterizados por m&todos anal)ticos (espectrometria de
masas y analysis elemental) y m&todos espectrosc(picos (IR,
Raman y RMN). Adem"s, la estructura molecular de los
compuestos fu& determinada por analysis the rayos X, reve-
lando complejas redes unidas por enlaces de hidrogeno y
densidades entre 1.399 (3) y 1.669 gcm�3 (5). Las redes for-
madas por los enlaces de hidrogeno se describen teniendo en
cuenta un formalismo gr"fico y se comparan entre ellas. Re-
sultados preliminares acerca de la sensibilidad de los com-
puestos cristalinos muestran sales con sorprendente estabili-
dad. Los valores m"s bajos son alcanzados por las sales con
el anion perclorato (5, 220 N) y dinitramida (8, 20 J). Analy-
sis calorim&tricos (DSC) fueron usados para determinar la
estabilidad t&rmica de los compuestos: 3–6 tienen puntos de
fusi(n por encima de los 200 8C con decomposici(n inmedia-
ta, mientras que 7 y 8 tienen puntos de fusi(n bien definidos
a 162 y 129 8C, respectivamente y temperaturas de descompo-
sici(n alrededor de 30 8C por encima. Todos las sales tienen
energias de formaci(n calculadas que toman valores positivos
entre 336 (4) y 4070 kJkg�1 (6) y velocidades de detonaci(n
calculadas entre 8330 (7) y 8922 ms�1 (6) lo que los hace in-
teresantes para el uso como nuevos compuestos altamente
energ&ticos con baja sensibilidad.


Scheme 1. Synthesis of methylguanazinium energetic salts 3–8 from
iodide 2 (compounds 6 and 7 are monohydrate salts).
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tramide, n ACHTUNGTRENNUNG(NO2)).
[35] The bands corresponding to the anions


in the IR spectra (Figure 2) are observed at similar wave-
numbers as in the Raman spectra: 1331 cm�1 (azide),


1046 cm�1 (nitrate), 907 cm�1 (perchlorate), 1385 and
1456 cm�1 (azotetrazolate), 1060 and 1419 cm�1 (nitrotetra-
zolate) and 1343 cm�1 (dinitramide). As can be seen in
Figure 1, the Raman spectrum of the azotetrazolate salt and,
to a lesser extent, that of the 5-nitrotetrazolate salt, is domi-
nated by the C�N and Nazo=Nazo stretching vibrations (6)
and the nitro-group stretching and tetrazole ring deforma-
tion modes (7).


Due to the unavailability of methylguanazine, DFT calcu-
lations[36] were performed on the parent guanazine; these re-
sults were used to facilitate assignment of the bands ob-
served in the vibrational spectra. Table S1 in the Supporting
Information contains the most important vibrational bands
(in the IR and Raman spectra) observed for compounds 3–8
with their corresponding assignments. The IR spectra
(Figure 2) are dominated by the N�H and C�H stretching
bands at around 3200–3300 and 3000 cm�1, respectively.
These bands have a complex shape depending on the mode
of sample preparation and appear at very similar shifts for
all salts except for nitrate 4, indicating no significant differ-
ence in the strength of the hydrogen-bonding; that is, the


suspected extensive hydrogen-bonding due to the large
number of hydrogen atoms available to interact with elec-
tronegative atoms is not reflected in the IR spectrum. This
lack of extensive strong hydrogen-bonding is confirmed (in
the solid state) by the X-ray measurements, which show
weak hydrogen bonds for all salts and (in solution) by the
15N NMR experiments in which a more substantial differ-
ence in the shifts caused by differences in hydrogen bonding
would be expected (see discussion on 15N NMR spectrosco-
py). The stretching modes of the (C�N)ring and (N�N)ring are
observed as peaks of low intensity at n�1020, 1425, 1533
and 1580 cm�1 (IR).


The 1H NMR spectra of the methylguanazinium salts in
[D6]DMSO show three well-resolved signals for the amino-
group protons for all salts, indicating slow proton exchange
in the NMR solvent, at �8.0 (N-bound amino group), 6.5
and 5.7 ppm (C-bound amino groups), and one sharp peak
at 3.4 ppm corresponding to the methyl group resonance.
The resonances of the amino groups are shifted with respect
to neutral guanazine[23b] and protonated guanazinium
salts,[23,24] which, due to fast proton exchange, show two sig-
nals at �7.2 (N�NH2 + C-NH2) and �5.5 ppm (C�NH2).
In the 13C NMR spectra, upon protonation of guanazine to
form the guanazinium cation (GH+),[23] there is an upfield
shift from 152.1 to �150.5 ppm in the triazolium-ring
carbon-atom resonances.[23–26] Similarly, upon methylation
the two aromatic carbon atoms become unequivalent and
one shows a resonance similar to GH+ (�151 ppm), where-
as the ring-carbon atom closest to the methyl group experi-
ences an upfield shift to �148 ppm. This is a similar effect
to that observed in other nitrogen-containing heterocycles
upon alkylation or protonation of the heterocyclic ring.[26,37]


The methyl group has a shift of �34 ppm, in keeping with
compounds containing an N-methylated azole ring.[31,37]


15N NMR spectroscopy shows six signals for the six differ-
ent nitrogen atoms in the cation (Figure 3). When the spec-


Figure 1. Panel plot of the Raman spectra of methylguanazinium energet-
ic salts 3–8.


Figure 2. Panel plot of the IR spectra of energetic guanazinium salts 3–8.


Figure 3. 15N{1H} NMR spectrum of the methylguanazinium cation in di-
nitramide salt 8, measured in [D6]DMSO.
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trum is recorded with broadband decoupling, the resonances
of the nitrogen atoms in close proximity to protons are
strong and positive.[24] All nitrogen atoms in the heterocyclic
ring have positive signals due to the presence of hydrogen
atoms at two bonds (either CH3 or NH2) apart from N3,
which is at three bonds from the next proton, causing it to
have a negative intensity. The resonances of the amino-
group nitrogen atoms (at higher field) are well separated
from those corresponding to the heterocyclic ring, which
appear at lower field, but are very similar. The nitrogen-
bound amino group (N4) would be expected to be found at
lower field than the carbon-bound nitrogen atoms, due to
the direct bond to the more electronegative nitrogen atom.
The carbon-bound nitrogen atoms can be distinguished
based on the methylation-induced shift (MIS) caused by the
introduction of the methyl group onto guanazine. By com-
parison with neutral guanazine (Table 1), the nitrogen clos-


est to the methyl group (N6) would be expected to have the
most negative MIS.[31,37] In this case, both C�NH2 groups
have a positive shift of �+17 ppm (N5) and �+5 ppm
(N6) and N6 (closest to the methyl group) can be assigned
as having the resonance at the highest field. Taking advant-
age of the MIS observed, the assignment of N2 is straight-
forward (MIS � -80 ppm), whereas the rest of the peaks
remain practically unchanged by the methyl group and can
be assigned by comparison to neutral guanazine.[23] The
amino-group nitrogen-atom resonances are observed at the
highest field as three triplets: N4 and N5 overlap (Figure 3),
whereas N6 has a slightly more negative shift. The coupling
constants (1J ACHTUNGTRENNUNG(1H-15N)) have values of �75–80 Hz (for N4)
and �85–90 Hz (for N5 and N6). The shifts mentioned
above are in good agreement with iodide salt 2,[26] although
the coupling constants to N5 and N6 are slightly larger for
the compounds reported here (see Table 1). Apart from the
cation, the nitrogen atoms belonging to the anion are also
observed in the 15N NMR spectra. The dinitramide salt
shows one resonance corresponding to the nitro groups at
�11.1 ppm (N ACHTUNGTRENNUNG(NO2)2) and the central nitrogen atom reso-
nates (with low intensity) at �177.8 ppm (N ACHTUNGTRENNUNG(NO2)2), similar-
ly to other dinitramide salts.[38] The nitrate nitrogen atom
appears as an intense signal at �4.6 ppm, as expected.[38] In
contrast to other compounds with the same anion[4,13a,57] the
azotetrazolate salt (6) was soluble enough in [D6]DMSO to


record a 15N NMR (natural abundance) spectrum and
showed three well-resolved signals at +107.5 ppm, corre-
sponding to the azo-bridge nitrogen atoms, and the ring res-
onances were observed at +12.4 (CNa) and �66.5 ppm
(CNb), in keeping with the reported values for the resonan-
ces found in the solid-state NMR spectrum of guanazinium
azotetrazolate[24] and the solution-state NMR spectrum of
the sodium salt.[13a] Lastly, due to the high symmetry of the
anion, the azide and 5-nitrotetrazolate resonances can be
readily observed in the 14N NMR spectrum as broad signals
at �130 (NNN) and �280 ppm (NNN)[39–40] and at �+20
(N9/N10), �20 (NO2) and �60 ppm (N8/N11),[41] respective-
ly.


Molecular structures : Single crystals of 3–8 suitable for X-
ray diffraction studies were obtained as described in the Ex-
perimental Section. Intensity data were collected on an
Oxford XCalibur 3 CCD diffractometer equipped with a
molybdenum X-ray tube and a highly oriented graphite
monochromator. The structures were solved by direct meth-
ods with SIR97[42] and refined by means of full-matrix least-
squares procedures with SHELXL-97.[43] All non-hydrogen
atoms were refined anisotropically by full-matrix least-
squares methods. Details concerning data collection and re-
finement are summarised in Table 2. All hydrogen atoms
were located from difference Fourier maps and were refined
isotropically. CCDC-650180 (3), CCDC-650177 (4), CCDC-
650724 (5), CCDC-650179 (6), CCDC-650725 (7) and
CCDC-650178 (8) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.


Selected bond lengths and angles in the methylguanazini-
um cations of the energetic salts synthesised are shown in
Table 3. All parameters agree with each other, within exper-
imental error,[44] and match the reported data for the struc-
ture of the iodide salt.[26] The formal exchange of the proton
at N2 in guanazinium salts[23,24,26] by a methyl group shows
little variation in the molecular parameters found for the
MeG+ ion in comparison to the GH+ ion or neutral guana-
zine.[24] The triazolium ring is planar, with the exocyclic ni-
trogen atoms lying in this plane. The tetrahedral geometry
and bond length (N1�N4�1.40 Q) of the nitrogen-bound
(N4) amino group indicates little interaction of the nitrogen
lone-pair and the triazolium-ring p system, similar to other
triazolium species,[9,19,31, 45] and as predicted by theoretical
studies on N-aminoazoles, which led to the conclusion that
sp3 hybridisation for N�NH2 groups is preferred over sp2 hy-
bridisation.[46] On the other hand, the carbon-bound amino
groups (N5 and N6) have angles close to 1208, correspond-
ing to a sp2 hybridisation, and the C1�N6 and C3�N5 dis-
tances are in the range 1.317(4)–1.330(3) and 1.332(3)–
1.357(2) Q, respectively. These distances are shorter than C�
N single bonds (1.47 Q) and longer than C=N double bonds
(1.22 Q),[47] indicating a more accentuated conjugation of
the nitrogen lone-pair with the heteroaromatic ring. In fact,
a closer comparison of the C�NH2 and N�NH2 (1.393(2)–


Table 1. 15N NMR shifts (d [ppm]) in [D6]DMSO for methylguanazinium
salts 3–8 with N�H coupling constants (J [Hz]) in parentheses.


N1 N2 N3 N4 N5 N6


1[a] �238 �156 �327 �340
2[b] �238 �240 �163 �320 (80) �322 (71) �334 (72)
3 �239 �240 �165 �322 (75) �322 (81) �335 (85)
4 �239 �240 �165 �323 (76) �324 (91) �336 (87)
5 �239 �241 �165 �323 (76) �324 (91) �336 (88)
6 �239 �240 �165 �323 (79) �323 (89) �335 (88)
7 �238 �240 �164 �322 (76) 323 (86) �335 (88)
8 �239 �240 �164 �322 (76) �323 (92) �336 (85)


[a] From reference [23b]. [b] From reference [26]
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1.407(3) Q) distances in compounds 3–8 with the C�N and
N�N distances in CH2=NH/CH3�NH2 (1.273 and 1.471 Q)
and NH=NH/NH2�NH2 (1.252 and 1.449 Q), respectively,[48]


further supports this observation and shows the “hydrazine-
like” character of the amino group in the 1-position (N4)
and the “aniline-like” character of the carbon-bound amino
groups (N5 and N6). Salts 3, 7 and 8 crystallise in monoclin-
ic systems in the space-group P21/c with four molecules in
the unit cell (apart from 3, Z=8), whereas 4, 5 and 6 have
triclinic cells in the space-group P1̄, with Z=2. By using
graph-set notation[49] and the computer program
RPLUTO,[50] the hydrogen-bond patterns of interest can be
identified and analysed. Common to all structures is the for-
mation of an intramolecular hydrogen bond, which describes
an S(5) motif at the primary level. The intramolecular hy-
drogen bond is formed between the C�NH2 group nearest
to the methyl residue (N6, donor) and the N�NH2 group
(N4, acceptor) in the case of 3, 6 and 7, and between the C�
NH2 group furthest from the methyl residue (N5, donor)
and the N�NH2 group (N4, acceptor) in the case of 4, 5, and
8, and has a length of �2.85 Q. In addition, the formation
of a hydrogen bond between N5 (donor) of one triazolium
cation and N3 (acceptor) of another cation, gives rise to the
formation of an R2


2(8) motif with N5···N3 �3 Q. The dinitra-
mide salt is the only compound that does not show such a
motif (see discussion below).


The asymmetric unit of compound 3 (Figure 4) contains
two crystallographically independent anions and cations.
The cations have very similar geometric parameters between


them and with the other salts. Also the azide anions are
very similar, essentially linear (N-N-N �1798) and symmet-
rical around the central nitrogen (N02 or N05) with N�N
distances of �1.17 Q, typical for N=N double bonds[51] and
similar to other azolium azides.[39,45]


While the cations arrange forming layers perpendicular to
the ac plane, one of the crystallographically independent
azide anions lies approximately in this plane (angle between
N1, N3 and the ac plane �158) and the other lies crossing
these layers at an angle of �508. The more out-of-the-plane
azide anion connects three consecutive layers through two
hydrogen bonds with the terminal nitrogen atoms
(N4···N06ii=3.038(4) Q; N10···N04=3.028(4) Q, symmetry
code: ii: �x, �y+1, �z+1), whereas the other anion forms
a hydrogen bond with the twisted nitrogen-bound amino
group in the cation linking layers (N10···N03iv=2.994(5) Q,
symmetry code: iv: x�1, y, z). In each layer (Figure 5), both
azide anions are involved in hydrogen-bonding at the termi-
nal nitrogen atoms (N6viii···N06ix, 2.923(3) Q; N6···N01,
2.893(4) Q; N12···N01iii, 2.861(4) Q; N12···N06vi, 2.968(4) Q;
N11···N03vii, 2.815(4) Q; N5···N04, 2.913(4) Q; symmetry
codes: iii : x�1, �y+1/2, z+1/2; v: x, �y+1/2, z+1/2; vi:
�x�1, �y+1, �z+1; vii : �x, �y+1, �z ; viii : 1�x, y+1/2,
�z+1/2; ix: 1+x, y, z). One azide anion participates in the
formation of four hydrogen bonds (see Table S2 in the Sup-
porting Information), three within a layer and one between
layers, whereas the other azide anion forms three hydrogen
bonds within a layer and two between layers. The lines of
cations are connected by hydrogen bonding through “azide


Table 2. Crystallographic and refinement data for compounds 3–8.


3 4 5 6 7 8


formula C3H9N9 C3H9N7O3 C3H9N6O4Cl C8H20N22O C4H11N11O3 C3H9N9O4


Mr [gmol�1] 171.16 191.15 228.60 440.39 261.20 235.16
crystal size [mm] 0.3V0.25V0.03 0.3V0.25V0.2 0.15V0.08V0.08 0.2V0.2V0.15 0.35V0.1V0.05 0.35V0.15V0.04
crystal system monoclinic triclinic triclinic triclinic monoclinic monoclinic
space group P21/c P1̄ P1̄ P1̄ P21/c P21/c
a [Q] 9.457(1) 5.318(1) 5.793(1) 7.741(5) 5.104(1) 9.8919(4)
b [Q] 17.418(1) 6.718(1) 7.613(1) 10.464(5) 13.233(1) 4.4530(2)
c [Q] 9.913(1) 11.236(3) 11.080(2) 12.074(5) 16.220(1) 21.4998(8)
a [8] 90 81.11(2) 83.12(1) 82.12(1) 90 90
b [8] 95.86(1) 86.44(2) 86.87(1) 88.46(1) 91.06(1) 95.32(1)
g [8] 90 73.83(1) 69.61(2) 73.49(1) 90 90
V [Q3] 1624.4(2) 380.9(2) 454.7(1) 928.7(8) 1095.4(2) 943.0(2)
Z 8 2 2 2 4 4
T [K] 200(2) 100(2) 200(2) 100(2) 100(2) 100(2)
1calcd [gcm


�3] 1.399 1.667 1.669 1.575 1.584 1.657
m [mm�1] 0.107 0.144 0.425 0.122 0.134 0.147
F ACHTUNGTRENNUNG(000) 720 200 236 460 544 488
q range [8] 3.68–27.00 3.90–26.99 3.75–26.99 3.73–27.00 3.97–32.53 3.81–27.00
index ranges �12�h�12 �6�h�6 �7�h�7 �9�h�9 �7�h�7 �12�h�12


�22�k�22 �8�k�8 �9�k�9 �13�k�13 �19�k�19 �5�k�5
�12� l�12 �14� l�14 �14� l�14 �15� l�14 �24� l�24 �27� l�27


reflns collected 16405 8544 4932 9549 15103 8842
independent reflns 3539 1668 1968 3794 3730 2046
Rint 0.0818 0.0271 0.0282 0.0504 0.0581 0.0577
parameters 277 154 163 360 207 181
S on F2 1.040 1.100 1.103 1.027 1.007 1.065
R1 [F>2s(F)][a] 0.0632 0.0343 0.0416 0.0363 0.0433 0.0440
wR2 (all data)


[b] 0.1463 0.1008 0.1220 0.1319 0.1118 0.1015


[a] R1=� j jFo j� jFc j j /� jFo j . [b] wR2= [�(F2
o�F2


c)/�w(Fo)
2]1/2.
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bridges” and by direct hydrogen-bond interactions between
the cations (N11···N3i 2.956(4) Q; N5···N9v 3.009(4) Q; sym-
metry codes: i : x, �y+1/2, z�1/2; v: x, �y+1/2, z+1/2)
forming a two-dimensional network. The side-on interaction


of triazole rings results in the formation of the usual R2
2(8)


motif. It is interesting to note the formation of another
R2


2(8) subset by the aforementioned “azide-bridged” tria-
zoles, as observed for other azolium azides.[37] The formation
of extensive strong hydrogen bonding within a layer and be-


Table 3. Selected bond lengths [Q] and angles [8] for the methylguanazinium cation in salts 3–8.


Parameter 3 4 5 6 7 8
A B A B


N2�C1 1.323(3) 1.322(3) 1.314(2) 1.321(3) 1.320(2) 1.326(2) 1.328(2) 1.313(2)
N2�N3 1.409(3) 1.406(3) 1.404(2) 1.409(3) 1.411(2) 1.415(2) 1.409(2) 1.410(2)
N2�C2 1.446(4) 1.445(4) 1.443(2) 1.443(4) 1.447(2) 1.448(2) 1.445(2) 1.459(3)
N3�C3 1.305(3) 1.306(3) 1.306(2) 1.309(3) 1.309(2) 1.305(2) 1.320(2) 1.314(3)
N5�C3 1.343(4) 1.347(4) 1.333(2) 1.332(3) 1.352(2) 1.357(2) 1.340(2) 1.335(3)
N1�C1 1.358(3) 1.355(3) 1.356(2) 1.352(3) 1.358(2) 1.361(2) 1.354(2) 1.363(3)
N1�C3 1.378(3) 1.382(3) 1.377(2) 1.378(3) 1.380(2) 1.379(2) 1.385(2) 1.374(3)
N1�N4 1.405(3) 1.402(3) 1.399(2) 1.399(3) 1.398(2) 1.393(2) 1.399(2) 1.399(2)
N6�C1 1.325(4) 1.317(4) 1.323(2) 1.320(3) 1.322(2) 1.324(2) 1.318(2) 1.330(3)


C1-N2-N3 111.3(2) 111.4(2) 111.4(1) 111.4(2) 110.8(1) 110.8(1) 111.2(2) 111.7(2)
C1-N2-C2 128.8(2) 128.8(3) 127.8(1) 128.0(2) 129.2(1) 128.1(1) 127.2(2) 129.3(2)
N3-N2-C2 119.7(2) 119.7(2) 120.6(1) 120.2(2) 120.0(1) 119.9(1) 121.5(2) 118.9(2)
C3-N3-N2 103.8(2) 103.9(2) 104.0(1) 104.0(2) 104.3(1) 104.2(1) 104.0(2) 103.6(2)
C1-N1-C3 107.1(2) 107.3(2) 107.2(1) 108.0(2) 107.2(1) 107.2(1) 107.4(2) 107.5(2)
C1-N1-N4 121.8(2) 122.5(2) 128.7(1) 128.1(2) 122.0(1) 122.6(1) 122.9(2) 128.9(2)
C3-N1-N4 131.0(2) 130.2(2) 124.0(1) 123.8(2) 130.8(1) 130.2(1) 129.6(2) 123.6(2)
N3-C3-N5 126.7(3) 125.9(3) 127.0(1) 127.8(2) 127.0(1) 127.5(1) 127.2(2) 127.7(2)
N3-C3-N1 111.4(2) 111.0(2) 110.9(1) 110.6(2) 110.8(1) 111.3(1) 110.6(2) 111.0(2)
N5-C3-N1 121.9(3) 123.0(3) 122.1(1) 121.6(2) 122.1(1) 121.1(1) 122.1(2) 121.4(2)
N2-C1-N6 129.0(3) 129.3(3) 127.8(1) 128.1(2) 128.4(2) 129.1(2) 128.3(2) 130.2(2)
N2-C1-N1 106.3(2) 106.2(2) 106.4(1) 106.0(2) 106.8(1) 106.5(1) 106.7(2) 106.2(2)
N6-C1-N1 124.7(3) 124.5(3) 125.7(1) 125.8(2) 124.7(1) 124.4(1) 125.0(2) 123.6(2)


Figure 4. Asymmetric unit of methylguanazinium azide (3) showing the
numbering scheme (Diamond plot, thermal ellipsoids represent 50%
probability).


Figure 5. Hydrogen bonding within a layer of 3 (symmetry codes: ii : �x,
�y+1, �z+1; viii : 1�x, y+1/2, �z+1/2; ix: 1+x, y, z ; x: x, y, z+1; xi:
�x, y+1/2, �z+3/2).
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tween layers would suggest a high density in the crystal
structure of the compound; however, a moderate value of
�1.4 gcm�3 was calculated. This value is similar to that of
previously reported 1,4-dimethyl-5-aminotetrazolium azide
(DMATA),[37] which, due to the presence of the two methyl
groups, has many fewer protons available for hydrogen
bonding. The fairly low value indicates that there are many
other factors that determine the density of a material in ad-
dition to hydrogen-bonding interactions. The low packing ef-
ficiency of 3, caused by one of the two crystallographically
independent azide anions that deviates from the plane
formed by the triazolium rings, may explain the similar den-
sitiy to DMATA, which forms perfectly planar layers.


Compound 4 (Figure 6) crystallises in layers in which the
nitrate anion is twisted slightly out of the plane formed by
the methylguanazinium cations. The distances between


layers are �3.2 Q (measured between the twisted N4H2


amino group and the nitrate nitrogen atom N7ii from a
neighbouring layer, symmetry code: ii: 1+x, y, z) and the
out-of-the-plane oxygen atom (O3) connects the layers by
forming a hydrogen bond with the twisted N4H2, with a dis-
tance between donor and acceptor (N4···O3ii) of 3.026(2) Q.
In addition, O2 in the nitrate also links the layers by form-
ing a hydrogen bond with the other hydrogen atom on N4
(H4A), with a distance (N4···O2) of 3.113(2) Q.


Cations and anions alternate forming extensive hydrogen
bonding within a layer as represented in Figure 7. Every
guanazinium cation is surrounded by three anions and one
cation forming strong hydrogen bonds (see Table S3 in the
Supporting Information for hydrogen-bond parameters).
The R2


2(8) subset is formed by two consecutive guanazinium
cations (N5···N3iii=N5iii···N3=3.019(2) Q; symmetry code:
iii : 1�x, �y, 1�z) at the primary level. Many other ring pat-
terns are also formed. The most representative is another
R2


2(8) subset, which is formed by a strong interaction be-
tween two cations and two anions (N6···O2i=2.818(2) Q,
N6···O2iv=2.893(3) Q, symmetry codes: i : 1�x, �y, 2�z ; iv:
2+x, �1+y, z), well below the sum of the van der Waals
radii (rO+ rN=3.10 Q)[52] and a larger R2


4(14) motif, again by
interaction of two guanazinium cations with two nitrate
anions (N4···O3ii=3.026(2) Q, N5···O3=2.911(2) Q, symme-


try code: ii: x+1, y, z). Additionally, the R2
1(4) ring pattern,


common to nitrate salts, is also found with one weak interac-
tion (N6···O1iv=3.312(2) Q) and one strong one (N6···O2iv=


2.893(2) Q). The parameters corresponding to the anion are
as observed for many other nitrate salts[45,53,54] and will not
be further discussed.


The perchlorate anion in 5 is linked to five cations
through hydrogen-bonding (Figure 8). The O3 and O4
oxygen atoms form two hydrogen bonds each (N4iv···O3


3.042(3) Q, N6···O3 2.943(4) Q and N4iii···O4 3.111(3) Q,
N5i···O4 3.198(4) Q) whereas O1 forms only one (N6ii···O1
3.055(4) Q) and O2 does not form any (symmetry codes: i:
�1�x, 1�y, 1�z ; ii : 1�x, �y, 1�z ; iii : �x, 1�y, 1�z ; iv: �x,
�y, 1�z).


Three consecutive layers are connected by hydrogen
bonds (Table S4 in the Supporting Information) with the ni-
trogen-bound amino group, once with O3 and once with O4


Figure 6. Asymmetric unit of methylguanazinium nitrate (4) showing the
numbering scheme (Diamond plot, thermal ellipsoids represent 50%
probability).


Figure 7. View of one of the layers showing the extensive hydrogen bond-
ing in 4 (symmetry codes: i: 1�x, �y, 2�z ; iii : 1�x, �y, 1�z ; iv: 2+x,
�1+y, z ; v: �1�x, 1�y, 2�z ; vi: �2+x, 1+y, z).


Figure 8. Hydrogen bonding around the perchlorate anion in 5 (symmetry
codes: i: �1�x, 1�y, 1�z ; ii : 1�x, �y, 1�z ; iii : �x, 1�y, 1�z ; iv: �x, �y,
1�z).
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of the perchlorate anion (N4vi···O3, 3.042(3) Q and
N4viii···O4, 3.111(3) Q; symmetry codes: vi: �x, �y, 1�z, viii :
�1�x, 1�y, 1�z). Figure 9 shows one of the layers in the


structure. R2
2(8) motifs alternate with the much less common


R2
2(12) subsets. The latter are analogous to the R2


2(8) motifs
formed by the azide bridges in 3, only in this case the per-
chlorate anions bridge the two cations through the oxygen
atoms (N6···O3 2.943(4) Q, N6···O1ii 3.055(4) Q; symmetry
code: ii: 1�x, �y, 1�z) increasing the size of the hydrogen-
bonded ring pattern from 8 (in the azide salt) to 12 (in the
perchlorate salt). The perchlorate anion distances and
angles are in agreement with other salts of perchloric acid
with amines.[45,53, 54]


The tetrazole rings in the anion of 6 are not equivalent
due to the presence of one molecule of water in the crystal
structure (Figure 10). The azo bridge distance (N17�N18),
with a value of 1.26 Q, is comparable to that observed in
metal azotetrazolates[13a] and hydrazinium azotetrazolate[55]


and longer than the reported bond length of 1.20 Q for
bis[hydroxolead(II)] 5,5’-azotetrazolate.[56] The angles in the
anion are all similar to comparable compounds.[13a,55] The


nonplanar amino group joins the slightly wavy layers
through hydrogen bonding to the azotetrazolate anions
(N10···N16ii, 3.062(3) Q; symmetry code: ii : 1�x, 1�y, 1�z).
The other crystallographically independent cation uses both
hydrogen atoms of the most off-the-plane amino group to
link to the amino group of a cation of the layer below
(N4···N5ii, 3.191(3) Q) and one of the layer above (N4···N11,
3.140(3) Q). Furthermore, water molecules build two types
of hydrogen bonds of similar strengths (�2.93 Q), once to
the anion and once to one of the carbon-bound amino
groups in the cation.


Figure 11 shows the hydrogen bonding around the anion
in 6 (see Table S5 in the Supporting Information for distan-
ces and angles). Every nitrogen atom in the anion is


ACHTUNGTRENNUNGinvolved in hydrogen bonding apart from N20. A total of
five guanazinium cations and two water molecules complete
the coordination around the anion. Two of the cations form
two hydrogen bonds: one to the azo nitrogen atom N17
(N18) and one to the tetrazole ring nitrogen N13 (N19)
atoms with distances between donor and acceptor at
N10···N17i=3.082(2) Q (N4···N18ii=3.073(3) Q) and
N11···N13i=3.034(2) Q (N5···N19ii=2.925(2) Q, symmetry
codes: i: x, y, 1+z ; ii : 1�x, 1�y, 1�z). Consecutive cations
are connected by hydrogen bonds with water molecules
(N6···O1v=2.862(2) Q and N12···O1i=2.927(2) Q; symmetry
code: v: 2�x, �y, 1�z). In addition, the extensive hydrogen
bonding in the structure, not only within a layer but also be-
tween layers, may account for the relatively high density of
the azotetrazolate salt (1calc=1.57 gcm�3) compared to other
ionic compounds with the same anion, which have densities
of �1.45 gcm�3.[52,57] Lastly, one R3


2(7) and one R3
3(12) sub-


sets are formed between one cation, one anion and one mol-
ecule of water.


Compound 7 crystallises with one water molecule in the
unit cell (Figure 12) in a layered structure in which the


Figure 9. View of one of the cations layers in 5 (symmetry codes: iv: �x,
�y, 1�z ; vi: �x, �y, 1�z ; �2�x, 1�y, 1�z ; viii : �1�x, 1�y, 1�z).


Figure 10. Asymmetric unit of methylguanazinium 5,5’-azotetrazolate
monohydrate (6) showing the numbering scheme (Diamond plot, thermal
ellipsoids represent 50% probability).


Figure 11. Hydrogen-bonding around the azotetrazolate anion in 6 (sym-
metry codes: i: x, y, 1+z ; ii : 1�x, 1�y, 1�z ; iii : 2�x, 1�y, 1�z ; iv: 1+x,
�1+y, 1+z ; v: 2�x, �y, 1�z ; vi: 2�x, 1�y, �z ; vii : x, y, �1+z ; viii :
�1+x, 1+y, �1+z).
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water molecules link two consecutive layers by hydrogen
bonding to the out-of-plane nitrogen-bound amino group
(N4···O3, 2.986(2) Q). Figure 13 shows the hydrogen-bond-


ing in one of these layers. Cations and anions alternate in
the b direction. The nitro groups of two nitrotetrazolate
anions are oriented head-on, and water molecules connect
the anions through one strong and one weak hydrogen bond
(O3···N11 2.808(2) Q, O3···N9v 3.256(2) Q; symmetry code:
v: 2�x, �0.5+y, 1.5�z). All nitrogen atoms in the nitrote-
trazolate ring are involved in hydrogen bonding to either
one of the aforementioned bridging water molecules or to
the carbon-bound amino groups of the cation (N6···N10i,
2.901(2) Q; N5···N8iv, 3.125(2) Q; symmetry codes: i : �1+x,
y, z ; iv: 1�x, �0.5+y, 1.5�z). The atoms N5 and N3ii form a
R2


2(8) motif at the primary level (N5···N3ii=2.977(2) Q; sym-
metry code: ii: 2�x, �y, 1�z) and one cation (N6), one
anion (N9i and N10i) and one water molecule (O3iii) partici-
pate in the formation of a R3


2(7) subset. Every hydrogen


atom of the three amino groups in the guanazinium moiety
also forms hydrogen bonds, which link every cation to two
cations, two anions, and two water molecules (see Table S6
in the Supporting Information for distances). The atoms N5
(in the cation) and N8iv (in the anion) form a very direction-
al contact with N5-H5A-N8iv=1758. The tetrazolate anion
is, within the limits of error, symmetrical with a symmetry
plane, which runs along N7, C4 and cuts in the mid-point of
the bond formed by N9 and N10 as reported for salts con-
taining the same anion.[58,59]


The asymmetric unit of 8 is shown in Figure 14. The over-
all geometry of the anion is similar to that observed in com-
parable dinitramide salts.[60–62] The two N�N bond lengths


are approximately symmetric (�1.38 Q) and shorter than a
normal N�N single bond (1.454 Q), though longer than a
N=N double bond (1.245 Q).[47] The N-N-N angle is
115.1(2)8 as expected. The nitro groups are twisted out of
the N-N-N plane (torsion angle O2-N7-N9-O4=16.4(2)8)
making the local symmetry of the anion C1.


Figure 15 shows a view of the hydrogen bonding in the
crystal structure of 8. Apart from the aforementioned intra-
molecular hydrogen bond (N5···N4, 2.841(3) Q), there are
many different strong hydrogen bonds that make the struc-
ture relatively dense (1calcd=1.656 gcm�3) in comparison to
other dinitramide salts.[37,62] Every guanazinium cation forms


Figure 12. Asymmetric unit of methylguanazinium 5-nitrotetrazolate
monohydrate (7) showing the numbering scheme (Diamond plot, thermal
ellipsoids represent 50% probability).


Figure 13. View of a layer with the corresponding hydrogen-bonding in 7
(symmetry codes: iii : 1�x, 0.5+y, 1.5�z ; vi: �1+x, 1+y, z ; vii : 1�x,
1.5+y, 1.5�z ; viii : x, 1+y, z ; ix: 2�x, 1�y, 1�z.


Figure 14. Asymmetric unit of methylguanazinium dinitramide (8) show-
ing the numbering scheme (Diamond plot, thermal ellipsoids represent
50% probability).


Figure 15. Hydrogen bonds in 8 (symmetry codes: i: x, 1.5�y, 0.5+z ; ii :
�x, 0.5+y, 0.5�z ; iii : �x, �0.5+y, 0.5�z ; iv: x, 0.5�y, 0.5+z).
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up to eight hydrogen bonds, six to the anion and two to an-
other cation. The dinitramide salt is, among the guanazinium
salts studied here, the only compound that does not form
the common R2


2(8) subset described above. The N3 atom in-
teracts through a hydrogen bond with N5iii (N3···N5iii,
2.966(3) Q; symmetry code: iii : �x, �0.5+y, 0.5�z), as ex-
pected, but there is no interaction between N5 and N3iii.
The lack of formation of this commonly observed motif,
might be the result of packing effects in the crystal, which
force, in contrast to iodide 2[26] and salts 3–7, two contiguous
cations not to be coplanar. In the anion, O2 and O4 do not
participate in hydrogen bonding, whereas O3 forms two hy-
drogen bonds (N6···O3i, 3.068(2) Q and N6···O3iv,
2.851(2) Q; symmetry codes: i : x, 1.5�y, 0.5+z ; iv: x, 0.5�y,
0.5+z) and O1 up to three (see Table S7 in the Supporting
Information). The central nitrogen atom in the anion also
interacts with N4 of the cation (N4···N8i, 3.041(2) Q). There
are many other hydrogen-bond ring patterns, which one
would expect for 8 ; however, since the compound does not
form layers, the formation of hydrogen bonds around the
cation takes place with two anions located at different
planes, preventing the formation of, for example, the expect-
ed R2


1(4) subset (common to compounds containing the NO2


moiety such as nitrate 4). The only ring pattern observed
(R2


2(9)) is formed by N4 and N6 (from the cation) and N8i


and O3i (from the anion) with N4···N8i=3.041(2) Q and
N6···O3i=3.068(2) Q, respectively.


Physical and energetic properties : To assess the energetic
properties of compounds 3–8, the thermal stability (melting
and decomposition points from DSC measurements), and
sensitivity to impact, friction,[63–65] and thermal shock of each
salt was experimentally determined. In addition, the con-
stant pressure heats of combustion (DHcomb) of each salt
were calculated from the predicted heats of reaction (DHr)
and an approximation of lattice enthalpy using the corre-
sponding combustion equations [Eq. (1)–(8)].


3 : ½C3H9N6�þ½N3�� ðsÞ þ 5:25O2 !
3CO2 ðgÞ þ 4:5H2O ðlÞ þ 4:5N2 ðgÞ


ð1Þ


4 : ½C3H9N6�þ½NO3�� ðsÞ þ 3:75O2 !
3CO2 ðgÞ þ 4:5H2O ðlÞ þ 3:5N2 ðgÞ


ð2Þ


5 : ½C3H9N6�þ½ClO4�� ðsÞ þ 3O2 !
3CO2 ðgÞ þ 4H2O ðlÞ þ 3N2 ðgÞ þHCl ðgÞ


ð3Þ


6 : ½C3H9N6�þ2½C2N10�2� �H2O ðsÞ þ 12:5O2 !
8CO2 ðgÞ þ 10H2O ðlÞ þ 11N2 ðgÞ


ð4Þ


6 a : ½C3H9N6�þ2½C2N10�2� ðsÞ þ 12:5O2 !
8CO2 ðgÞ þ 9H2O ðlÞ þ 11N2 ðgÞ


ð5Þ


7 : ½C3H9N6�þ½CN5O2�� �H2O ðsÞ þ 5:25O2 !
4CO2 ðgÞ þ 5:5H2O ðlÞ þ 5:5N2 ðgÞ


ð6Þ


7 a : ½C3H9N6�þ½CN5O2�� ðsÞ þ 5:25O2 !
4CO2 ðgÞ þ 4:5H2O ðlÞ þ 5:5N2 ðgÞ


ð7Þ


8 : ½C3H9N6�þ½N3O4�� ðsÞ þ 3:25O2 !
3CO2 ðgÞ þ 4:5H2O ðlÞ þ 4:5N2 ðgÞ


ð8Þ


The electronic energies for all anions and the methylgua-
nazinium cation were calculated by using Møller–Plesset
perturbation theory truncated at the second-order (MP2)
and were used unscaled. The results of the MP2 electronic-
energy calculations are given in Table S8 in the Supporting
Information. For all atoms in all calculations, the correlation
consistent polarised double-zeta basis set cc-pVDZ was
used. For compounds 6 and 7, which form as monohydrates,
the following approximation was used: the calculated (MP2
method) electronic energies were used to predict the heats
of combustion of the anhydrous compounds 6a and 7a as-
suming that DHhydration ! DHc in the Born–Haber cycle
shown in Scheme 2. The unit cell volume (V) for 6a and 7a


was approximated as being that of the monohydrate com-
pounds minus the volume of the number of water molecules
in the unit cell (V ACHTUNGTRENNUNG(H2O)=0.02496 nm3).[67] Since the temper-
atures of water loss (DSC) for compounds 6 and 7 are rela-
tively close to 100 8C, it is assumed that the interactions in
the crystal structure are similar enough to those found in
liquid water and the above approximation is valid. Typical
values for hydration energies in similar compounds have
values of about �20 calg�1 and are smaller than 1% of the
combustion energies.[57b] In addition, errors in the combus-
tion measurements are estimated at �5%; therefore, disre-
garding the hydration enthalpy is justified. On the other
hand, the volume of the unit cell has little effect on the pre-
dicted values (errors of �5% in the volume produce errors
of �2% in the calculated energies of formation). In addi-
tion, the energies of formation calculated for the anhydrous
species 6a and 7a were used to calculate their detonation
parameters by using the (X-ray) densities of the monohy-
drate salts 6 and 7. This is justified by our experience that
crystal water has generally little effect on the density
values.[57,68] Lastly, a similar method to the one used here
has already been described before.[68,69]


Scheme 2. Born–Haber energy cycle for the calculation of the heat of
combustion of 6a and 7a (6 : a=12.5, x=8, y=10, z=11; 6a : a=12.5,
x=8, y=9, z=11; 7: a=5.25, x=4, y=5.5, z=5.5 and 7a : a=5.25, x=4,
y=4.5, z=5.5).
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DSC studies on small samples of the materials show a
family of salts with high thermal stability (Tdecomp>200 8C,
except for 7 and 8), possibly attributable to the high thermal
stability of the methylguanazinium cation itself and exten-
sive hydrogen bonding in the solid state. Comparison of the
melting points and decomposition temperatures of the
iodide salt (2)[26] with the new compounds 3–8 (Tables 4 and
5) clearly illustrates the influence of the different anions,
that is, the melting points follow the order nitrate>perchlo-
rate>azide(>azotetrazolate)>nitrotetrazolate>dinitra-
mide. A similar trend is observed for the decomposition
temperatures: perchlorate>nitrate>azide>azotetrazo-
late>nitrotetrazolate>dinitramide. Compounds 3 and 4
melt with concomitant decomposition, whereas 6 decompos-
es without melting. On the other hand, 7 and 8 have decom-
position points that are �30 8C above their melting points
and the perchlorate salt (5) has the best thermal stability,
decomposing at >300 8C. Trends in the melting and decom-
position temperatures observed are in agreement with our
previous report on 1,4-dimethyl-5-aminotetrazolium
(DMAT+) perchlorate, nitrate, azide and dinitramide
salts,[37] with the exception of the nitrate salt (4), which has
an expectedly high melting point at 258 8C, much higher
than DMAT+ nitrate (Tm=181 8C). This may be due to hy-
drogen bonding and packing effects, which are also reflected
in the higher density of 4 (1.667 vs. 1.523 gcm�3) or the
nature of the MeG+ ion itself, since according to this and
previous studies[23b,24,26a] guanazinium salts tend to have
liquid ranges of only a few degrees (if at all). Lastly, the de-
composition points are in keeping with known heterocycle-
based salts[37,58] and approximately (except for 8) in the
range between that of RDX (230 8C) and TNT (300 8C).


In addition to DSC analysis, the response of each com-
pound to fast thermal shock was tested by placing a small
sample of the material in the flame. Apart from compounds
4 and 7 that burn normally, the rest deflagrate in the flame
(both TNT and RDX explode under similar conditions).
From these results it would seem like salts with a high nitro-
gen content such as 3 and 6, or a better (less negative)
oxygen balance (5 and 8) are more sensitive to fast heating.


Data collected for impact, friction and electrostatic dis-
charge sensitivities are summarised in Table 6 together with
the calculated (EXPLO5) deto-
nation parameters. Only com-
pounds 5 (25 J) and 8 (20 J) are
slightly sensitive to shock,
whereas the rest of the com-
pounds are insensitive (>40 J).
The friction sensitivity values
for 3–8 are also very low
ACHTUNGTRENNUNG(>320 N) except for perchlorate
5 (220 N), which can be classi-
fied as a sensitive material ac-
cording to the UN Recommen-
dations on the Transport of
Dangerous Goods.[64] A com-
parison of these values to those


measured for TNT and RDX is useful to assess the energetic
salts in this study. All compounds are less sensitive to


Table 4. Physiochemical properties of methylguanazinium salts 3–5 and
8.


3 4 5 8


formula C3H9N9 C3H9N7O3 C3H9N6O4Cl C3H9N9O4


Mr [gmol�1] 171.16 191.15 228.61 235.16
Tm [8C][a] 212 258 247 129
Td [8C]


[b] 215 261 310 160
N [%][c] 73.6 51.3 36.8 53.6
N + O [%][d] 73.6 76.4 64.7 80.8
W [%][e] �98.1 �62.8 �42.0 �44.2
1 [g cm�3][f] 1.399 1.667 1.669 1.657
DHcomb [calg


�1][g] �4186 �3165 �2873 �2788
DUo


f [kJkg
�1][h] 3231 459 2278 1291


DHo
f [kJkg


�1][i] 3100 336 2180 1175


[a] Chemical melting point (DSC onsets) from measurement with b=


2 8Cmin�1. [b] Decomposition point (DSC onsets) from measurement
with b=2 8Cmin�1. [c] Nitrogen percentage. [d] Combined nitrogen and
oxygen percentages. [e] Oxygen balance according to reference [66].
[f] Density from X-ray measurements. [g] Calculated constant pressure
heat of combustion. [h] Standard heat of formation (back-calculated
from DHcomb). [i] Standard heat of formation.


Table 5. Physiochemical properties of methylguanazinium salts 6, 6a, 7
and 7a.


6 6a 7 7a


formula C8H20N22O C8H18N22 C4H11N11O3 C4H9N11O2


Mr [gmol�1] 440.46 422.38 261.24 243.19
Tm [8C][a] – 162
Td [8C]


[b] 201 196
N [%][c] 70.0 73.0 59.0 63.4
N + O [%][d] 73.6 73.0 77.4 76.5
W [%][e] �90.8 �94.7 �64.3 �69.1
1 [g cm�3][f] 1.575 �1.575 1.584 �1.584
DHcomb [calg


�1][g] �4251 �3321
DUo


f [kJkg
�1][h] 4182 4361 2091 2246


DHo
f [kJkg


�1][i] 4070 4244 1986 2134


[a] Chemical melting point (DSC onsets) from measurement with b=


2 8Cmin�1. [b] Decomposition point (DSC onsets) from measurement
with b=2 8Cmin�1. [c] Nitrogen percentage. [d] Combined nitrogen and
oxygen percentages. [e] Oxygen balance according to reference [66].
[f] Density from X-ray measurements. [g] Calculated constant pressure
heat of combustion. [h] Standard heat of formation (back-calculated
from DHcomb). [i] Standard heat of formation.


Table 6. Initial safety testing results and predicted (calculated) energetic performance of methylguanazinium
salts 3–8, 6a and 7a using the EXPLO5 code.


Tex [K][a] V0 [Lkg�1][b] P [GPa][c] D [ms�1][d] Impact [J][e] Friction [N][f] Thermal shock


3 5829 762 27.5 8719 >40 320 deflagrates
4 3030 843 25.8 8270 >40 >360 burns
5 – – – – 25 220 deflagrates
6 3362 816 28.6 8922 >40 >360 deflagrates
6a 3242 797 27.7 8834
7 3442 829 25.6 8330 >40 >360 burns
7a 3233 797 23.9 8117
8 3736 837 27.7 8383 20 360 deflagrates
TNT 3736 620 20.5 7171 15 355 explodes
RDX 4334 796 34.0 8885 7.4 120 explodes


[a] Temperature of the explosion gases. [b] Volume of the explosion gases. [c] Detonation pressure. [d] Deto-
nation velocity. [e] Tests according to BAM methods (see references [63–65]).
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impact than TNT (15 J) and RDX (7.4 J), less sensitive to
friction than RDX (120 N) and, except for compounds 3
(320 N) and 5 (220 N), they are also less sensitive to friction
than TNT (355 N).[70]


Tables 4 and 5 also contain the phisiochemical properties
of salts 3–8 (including 6a and 7a). The densities range from
low (1calcd(3)=1.399 gcm�3) to moderate (1calcd(5)=


1.669 gcm�3) and the predicted constant pressure heats of
combustion (DHcomb), calculated by the MP2 method, are
�4186 (3), �3165 (4), �2873 (5), �4251 (6a), �3321 (7a)
and �2788 calg�1 (8). The heats of formation are all positive
and tend to decrease with decreasing nitrogen content apart
from azotetrazolate salts 6 and 6a, which have outstandingly
high values (4100 kJkg�1), and the perchlorate salt (5),
which regardless of the lowest nitrogen content has a very
positive heat of formation (2180 kJkg�1). From the experi-
mentally determined densities (X-ray), chemical composi-
tions and energies of formation (back-calculated from the
predicted heats of combustion) the detonation pressures and
velocities of 3 (8719 ms�1, 27.5 GPa), 4 (8270 ms�1,
25.8 GPa), 6 (8922 ms�1, 28.6 GPa), 6a (8834 ms�1,
27.7 GPa), 7 (8330 ms�1, 25.6 GPa), 7a (8117 ms�1,
23.9 GPa) and 8 (8383 ms�1, 27.7 GPa) were predicted using
the EXPLO5 code.[71] The following values for the empirical
constants in the Becker–Kistiakowsky–Wilson equation of
state (BKWN-EOS): a =0.5, b=0.176, k=14.71 and q=


6620, were used. Due to the non-availability of a suitable
method for the calculation of detonation parameters of com-
pounds containing atoms others than C, H, N and O, com-
pound 5 was excluded of this section. At this point it is im-
portant to point out that the predicted performances based
on theoretical heats of combustion calculated by the above-
mentioned method, tend to overestimate the values. In any
case, taking into account this systematic overestimation, all
compounds are predicted to outperform TNT (7171 ms�1,
20.5 GPa) and salts 3, 6 and 6a have predicted values com-
parable to RDX (8885 ms�1, 34.0 GPa).


Due to the negative oxygen balance of the salts studies
here (�42 to �98%), it is of interest to analyse the perfor-
mance of mixtures of the compounds 3, 4 and 6–8 (including
6a and 7a) with an oxidiser such as ammonium nitrate
(AN) or ammonium dinitramide (ADN) at an approximate-
ly oxygen neutral ratio (W�0%) in order to further en-
hance their performances. The results of the EXPLO5 calcu-
lations are summarised in the Tables S9–S12 in the Support-
ing Information. Formulations of the compounds with AN
show, in general, no increase in the performance (a more
substantial decrease for compounds 3, 6 and 6a) and highly
negative energies of formation (��3000 kJkg�1). On the
other side, mixtures with ADN are predicted to have less
negative heats of formation (positive values for the azotetra-
zolate salts 6 and 6a) and better performances in all cases in
comparison to the stand-alone energetic materials. The
latter have high values between 31.3 and 33.7 GPa for the
detonation pressures and between 8801 and 9077 ms�1 for
the detonation velocities, which are similar to the predicted
performance of mixtures of RDX and ADN.[57b]


Conclusion


A new family of energetic salts based on the novel nitrogen-
rich methylguanazinium cation have been synthesised in
high yields and bulk purities and were characterised fully,
including X-ray structure analysis. The hydrogen-bonding
networks observed in the crystal structures were assessed by
means of graph-set analysis. The nitrate and perchlorate
anions seem to increase the decomposition points of the
compounds, whereas the 5-nitrotetrazolate (7) and dinitra-
mide (8) salts have lower thermal stabilities. Aside from 8,
all materials exhibit excellent thermal stabilities (>190 8C).
All compounds have moderate densities >1.4 gcm�3, which
are, in general, in the range of currently used explosives
(1.6–1.8 gcm�3) and excellent combined oxygen and nitro-
gen balances, which are interesting from an environmental
point of view. Additionally, all materials can be classified as
insensitive or having a low sensitivity to classical stimuli.
Formulations with AN are predicted to decrease the detona-
tion parameters, whereas ADN increases them substantially.
Lastly, the predicted detonation parameters of all com-
pounds are higher than those of conventionally used TNT
and those of the azide (3) and 5,5’-azotetrazolate (6 and 6a)
salts indicate comparable performances to RDX, which sug-
gest their potential as high explosives.


Experimental Section


Caution! Silver azide, silver dinitramide and their derivatives are ener-
getic materials that tend to explode under certain conditions. Although
we had no difficulties during the preparation and handling of the com-
pounds described below, they are nevertheless energetic materials and
their synthesis should be carried out by experienced personnel. In any
case, proper protective measures such as Kevlar gloves, ear protection,
safety shoes and plastic spatulas, should be taken at all times especially
when working on a large scale (>1 g).


General : All chemical reagents and solvents of analytical grade were ob-
tained from Sigma–Aldrich and used as supplied. Methylguanazinium
iodide,[26] silver dinitramide, silver(bispyridine) dinitramide,[27] sodium
azotetrazolate pentahydrate[28] and silver 5-nitrotetrazolate[29] were pre-
pared according to literature procedures. 1H, 13C, and 14N/15N NMR spec-
tra were recorded on a JEOL Eclipse 400 instrument. The spectra were
measured in [D6]DMSO at 25 8C. The chemical shifts are given relative
to tetramethylsilane (1H, 13C) or nitromethane (14N/15N) as external
standards. Coupling constants (J) are given in hertz (Hz). Infrared (IR)
spectra were recorded on a Perkin–Elmer Spectrum One FT-IR instru-
ment as KBr pellets at room temperature. Raman spectra were recorded
on a Perkin–Elmer Spectrum 2000R NIR FT-Raman instrument
equipped with a Nd:YAG laser (1064 nm). The intensities are reported in
percentages relative to the most intense peak and are given in parenthe-
ses. Elemental analyses were performed with a Netsch Simultaneous
Thermal Analyzer STA 429. Melting points were determined by differen-
tial scanning calorimetry (Linseis DSC PT-10 instrument, calibrated with
standard pure indium and zinc). Measurements were performed at a
heating rate of b=2 8C min�1 in closed aluminium containers with a hole
(1 mm) on the top for gas release with a nitrogen flow of 20 mLmin�1.
The reference sample was a closed aluminium container.


Synthesis of methylguanazinium azide (3): Freshly prepared silver azide
(0.367 g, 2.45 mmol) was suspended in methanol (10 mL) and 2 (0.424 g,
2.04 mmol) was added with immediate precipitation of yellow silver
iodide. The suspension containing an excess of silver azide was filtered
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after 90 min reaction time into diethyl ether (80 mL) causing precipita-
tion of a slightly pink product, which was filtered under gravity, washed
with diethyl ether and recrystallised from diethyl ether/methanol yielding
single crystals of the compound (0.181 g, 72%). DSC (2 8C min�1): 212
(m.p.), �215 8C (decomp); 1H NMR ([D6]DMSO, 400.18 MHz, 25 8C,
TMS): d=8.06 (s, 2H; N4H2), 6.49 (s, 2H; N6H2), 5.68 (s, 2H; N5H2),
3.43 ppm (s, 3H; CH3);


13C{1H} NMR ([D6]DMSO, 100.63 MHz, 25 8C,
TMS): d=150.5 (1C; C-N5H2), 147.6 (1C; C-N6H2), 34.2 ppm (1C;
CH3);


14N{1H} NMR ([D6]DMSO, 40.55 MHz, 25 8C, MeNO2): d=�132.8
(NNN), �276.9 ppm (NNN); 15N NMR ([D6]DMSO, 40.55 MHz, 25 8C,
MeNO2): d=�134.2 (NNN), �164.8 (1N; N3), �239.0 (1N; N1), �240.5
(1N; N2), �277.9 (NNN), �321.9 (t, J=74.9 Hz, 1N; N4H2), �322.4 (t,
J=80.5 Hz, 1N; N5H2), �335.4 ppm (t, J=85.2 Hz, 1N; N6H2); Raman:
ñ(rel. int.)=3174 (6), 2942 (7), 2812 (4), 1713 (21), 1667 (15), 1464 (13),
1417 (13), 1373 (5), 1347 (83), 1246 (14), 1200 (13), 1116 (12), 890 (8),
775 (56), 650 (32), 618 (11), 590 (12), 357 (18), 321 (31), 273 (11),
174 cm�1 (29); IR (KBr): ñ=3324 (s), 3263 (s), 3192 (s), 3086 (s), 2039
(s), 1699 (s), 1660 (s), 1604 (m), 1574 (m), 1536 (w), 1462 (m), 1423 (w),
1384 (w), 1331 (w), 1242 (w), 1099 (m), 1022 (w), 881 (w), 777 (w), 712
(w), 649 (m), 587 (w), 486 (w), 348 cm�1 (w); MS (FAB+ , xenon, 6 keV,
m-NBA matrix): m/z : 129.3 (cation); elemental analysis calcd (%) for
C3H9N9: C 21.05, H 5.30, N 73.65; found: C 21.10, H 5.31, N 73.41.


Synthesis of methylguanazinium nitrate (4): Compound 2 (1.700 g,
6.64 mmol) was treated, at room temperature with silver nitrate (1.180 g,
6.95 mmol) in water (30 mL) and the reaction mixture was stirred for
30 min. Silver iodide immediately precipitated as a brownish solid, which
was filtered and the filtrate was concentrated in vacuo at 60 8C giving
pale pink single crystals of 4 upon cooling (0.931 g , 73%). DSC
(2 8Cmin�1): 258 (m.p.), �261 8C (decomp); 1H NMR ([D6]DMSO,
400.18 MHz, 25 8C, TMS): d =7.94 (s, 2H; N4H2), 6.45 (s, 2H; N6H2),
5.69 (s, 2H; N5H2), 3.41 ppm (s, 3H; CH3);


13C{1H} NMR ([D6]DMSO,
100.63 MHz, 25 8C, TMS): d=150.5 (1C; C-N5H2), 147.6 (1C; C-N6H2),
34.2 ppm (1C; CH3);


14N{1H} NMR ([D6]DMSO, 40.55 MHz, 25 8C,
MeNO2): d=�4.1 ppm (1N; NO3);


15N NMR ([D6]DMSO, 40.55 MHz,
25 8C, MeNO2): d=�4.6 (NO3), �164.6 (1N; N3), �238.8 (1N; N1),
�240.3 (1N; N2), �322.8 (t, J=75.8 Hz, 1N; N4H2), �323.7 (t, J=


90.8 Hz, 1N; N5H2), �336.0 ppm (t, J=87.5 Hz, 1N; N6H2); Raman:
ñ(rel. int.)=3214 (8), 2953 (8), 2402 (15), 1703 (20), 1652 (2), 1471 (23),
1425 (20), 1393 (26), 1049 (100), 916 (11), 775 (18), 716 (19), 627 (25),
589 (15), 304 cm�1 (18); IR (KBr): ñ=3349 (s), 3278 (s), 3150 (s), 2948
(m), 2424 (w), 1704 (s), 1656 (s), 1578 (m), 1538 (m), 1465 (m), 1423 (m),
1383 (s), 1327 (s), 1301 (s), 1209 (m), 1082 (m), 1046 (m), 1024 (m), 885
(m), 828 (m), 775 (m), 719 (m), 678 (w), 586 (m), 548 (m), 418 (m), 350
(m), 303 (w), 289 (w), 279 cm�1 (w); MS (FAB+ , xenon, 6 keV, m-NBA
matrix): m/z : 129.3 (cation); elemental analysis calcd (%) for C3H9N7O3:
C 18.85, H 4.75, N 51.29; found: C 18.73, H 4.85, N 51.25.


Synthesis of methylguanazinium perchlorate (5): Anhydrous silver per-
chlorate was weighed out in a glove box (0.754 g, 3.64 mmol) and dis-
solved into water (10 mL). Neat 2 (0.931 g, 3.64 mmol) was added por-
tionwise with immediate precipitation of yellow silver iodide. The reac-
tion mixture was stirred at room temperature and under exclusion of
light for 1.5 h, after which time the solution was filtered into a glass shell
and left to evaporate overnight yielding pure crystalline 5 (0.831 g, quant.
yield). The crystals could be used for diffraction measurements. DSC
(2 8Cmin�1): 247 (m.p.), �310 8C (decomp); 1H NMR ([D6]DMSO,
400.18 MHz, 25 8C, TMS): d =7.92 (s, 2H; N4H2), 6.47 (s, 2H; N6H2),
5.61 (s, 2H; N5H2), 3.41 ppm (s, 3H; CH3);


13C{1H} NMR ([D6]DMSO,
100.63 MHz, 25 8C, TMS): d=150.5 (1C; C-N5H2), 147.5 (1C; C-N6H2),
34.2 ppm (1C; CH3);


15N NMR ([D6]DMSO, 40.55 MHz, 25 8C, MeNO2):
d=�164.7 (1N; N3), �238.7 (1N; N1), �240.6 (1N; N2), �323.1 (t, J=


75.8 Hz, 1N; N4H2), �324.0 (t, J=91.2 Hz, 1N; N5H2), �336.2 ppm (t,
J=88.1 Hz, 1N; N6H2);


35Cl NMR ([D6]DMSO , 39.21 MHz, 25 8C,
NaCl): d=1.0 ppm (ClO4); Raman: ñ ACHTUNGTRENNUNG(rel. int)=3303 (4,) 2994 (3), 2949
(7), 2818 (2), 1710 (27), 1649 (11), 1580 (10), 1476 (9), 1426 (14), 1334
(13), 1248 (8), 1134 (10), 936 (100), 777 (48), 651 (34), 629 (18), 588 (12),
462 (29), 332 (13), 306 cm�1 (16); IR (KBr): ñ =3382 (s), 3327 (s), 3258
(s), 3085 (s), 1699 (s), 1658 (vs), 1461 (w), 1424 (w), 1384 (m), 1332 (w),
1260 (w), 1144 (s), 1113 (s), 1087 (vs), 907 (w), 778 (w), 712 (w), 636 (w),
626 (m), 587 (w), 476 (w), 350 (w), 321 (w), 302 cm�1 (w); MS (FAB+ ,


xenon, 6 keV, m-NBA matrix): m/z : 129.1 (cation); elemental analysis
calcd (%) for C3H9N6O4Cl: C 15.76, H 3.97, N 36.76, Cl 15.51; found: C
15.76, H 3.96, N 36.48, Cl 15.40.


Bis(methylguanazinium) 5,5’-azotetrazolate monohydrate (6): Compound
2 (1.025 g, 4.00 mmol) was heated to reflux with sodium azotetrazolate
pentahydrate (0.600 g, 2.00 mmol) in water (20 mL) for 45 min. The reac-
tion mixture was left to cool giving a first crop (0.569 g) of 6. The volume
of the orange filtrate was reduced and cooled in a refrigerator yielding
slightly orange single crystals of the same product (0.168 g). The total
amount of 6 obtained was 0.737 g (84%). DSC (2 8Cmin�1): �90 (H2O
loss), �198 8C (decomp); 1H NMR ([D6]DMSO, 400.18 MHz, 25 8C,
TMS): d=8.14 (s, 2H; N4H2), 6.55 (s, 2H; N6H2), 5.79 (s, 2H; N5H2),
3.43 ppm (s, 3H; CH3);


13C{1H} NMR ([D6]DMSO, 100.63 MHz, 25 8C,
TMS): d=173.1 (2C; C�N=N) 150.4 (1C; C-N5H2), 147.6 (1C; C-N6H2),
34.2 ppm (1C; CH3);


15N NMR ([D6]DMSO, 40.55 MHz, 25 8C, MeNO2):
d=107.5 (-N=N-), 12.4 (CNa), �66.5 (CNb), �164.6 (1N; N3), �239.1
(1N; N1), �240.4 (1N; N2), �322.7 (t, J=79.1 Hz, 1N; N4H2), �323.2 (t,
J=88.9 Hz, 1N; N5H2), �335.4 ppm (t, J=87.6 Hz, 1N; N6H2); Raman:
ñ(rel. int.)=3188 (6), 1710 (2), 1615 (2), 1488 (60), 1410 (20), 1373 (100),
1348 (3), 1160 (2), 1088 (6), 1084 (18), 1072 (11), 1058 (23), 919 (9), 780
(5), 647 (2), 594 (2), 333 cm�1 (2); IR (KBr): ñ=3328 (s), 3256 (s), 3047
(s), 2803 (m), 1708 (s), 1663 (s), 1620 (m), 1592 (m), 1532 (w), 1456 (w),
1385 (m), 1242 (w), 1192 (w), 1157 (w), 1118 (w), 1049 (w), 1029 (w), 957
(w), 897 (w), 872 (w), 774 (m), 726 (w), 643 (m), 587 (w), 558 (w), 452
(w), 360 (w), 332 (w), 320 (w), 296 (w), 285 (w), 205 cm�1 (w); MS
(FAB+ , xenon, 6 keV, m-NBA matrix): m/z : 129.3 (cation); MS (FAB�,
xenon, 6 keV, m-NBA matrix): m/z : 164.1 (anion); elemental analysis
calcd (%) for C8H20N22O: C 21.82, H 4.58, N 69.97; found: C 21.67, H
4.74, N 69.88.


Synthesis of methylguanazinium 5-nitrotetrazolate monohydrate (7):
Sodium 5-nitrotetrazolate dihydrate (0.286 g, 1.91 mmol) was dissolved in
water (3 mL) and a solution of silver nitrate (0.481 g, 2.99 mmol) in
water (5 mL) was added dropwise with immediate precipitation of highly
explosive white silver 5-nitrotetrazolate. The suspension was stirred for a
couple of minutes and centrifuged. The liquid was decanted and the solid
washed one time with water (5 mL) and one time with methanol (5 mL)
with subsequent centrifuging. The liquid was decanted in both cases and
the silver salt was suspended in methanol (10 mL) before neat 2 (0.417 g,
1.628 mmol) was added portionwise. Silver iodide immediately precipitat-
ed and the reaction mixture was stirred for 1.5 h, after which time the in-
soluble solid was filtered and the methanol evaporated to dryness giving
the crude product, which could be recrystallised by diethyl ether diffusion
into a saturated methanolic solution of 7, yielding pure crystalline materi-
al, which could be used to measure the crystal structure (0.308 g, 73%).
DSC (2 8Cmin�1): �85 (H2O loss), 162 (m.p.), �196 8C (decomp);
1H NMR ([D6]DMSO, 400.18 MHz, 25 8C, TMS): d=7.92 (s, 2H; N4H2),
6.42 (s, 2H; N6H2), 5.62 (s, 2H; N5H2), 3.68 (s, 2H; H2O), 3.37 ppm (s,
3H; CH3);


13C{1H} NMR ([D6]DMSO, 100.63 MHz, 25 8C, TMS): d=


168.9 (1C; C-NO2), 150.8 (1C; C-N5H2), 147.9 (1C; C-N6H2), 34.6 ppm
(1C; CH3);


15N NMR ([D6]DMSO, 40.55 MHz, 25 8C, MeNO2): d=18.7
(2N; N9/10), �22.9 (1N; NO2), �62.5 (2N; N8/11), �164.0 (1N; N3),
�238.3 (1N; N1), �239.9 (1N; N2), �321.1 (t, J=79.98 Hz, 1N; N4H2),
�322.2 (t, J=75.70 Hz, 1N; N5H2), �335.4 (t, J=87.70 Hz, 1N; N6H2);
Raman: ñACHTUNGTRENNUNG(rel. int)=3138 (3), 2959 (4), 1712 (10), 1662 (10), 1546 (15),
1447 (14), 1418 (100), 1320 (11), 1184 (9), 1162 (10), 1068 (57), 1051 (31),
900 (6), 836 (13), 782 (26), 647 (13), 623 (7), 591 (7), 538 (6), 321 (10),
260 (7), 239 cm�1 (8); IR (KBr): ñ =3379 (s), 3327 (s), 3255 (s), 3089 (s),
2730 (w), 2464 (w), 2092 (w), 1700 (s), 1657 (s), 1545 (s), 1444 (s), 1419
(s), 1384 (m), 1343 (w), 1317 (m), 1241 (w), 1173 (w), 1161 (w), 1101 (m),
1060 (w), 1050 (w), 1031 (w), 963 (w), 903 (w), 839 (w), 832 (w), 780 (w),
712 (w), 625 (w), 588 (w), 472 cm�1 (w); m/z (FAB+ , xenon, 6 keV, m-
NBA matrix): 129.1 (cation); MS (FAB�, xenon, 6 keV, m-NBA matrix):
114.0 (anion); C4H11N11O3: C 18.39, H 4.24, N 58.99; found: C 18.29, H
4.28, N 58.82.


Synthesis of methylguanazinium dinitramide (8)


Method 1: A fresh hot solution of silver dinitramide (0.446 g, 3.04 mmol)
in methanol (50 mL) was added into a solution of 2 (0.632 g, 3.04 mmol)
in methanol (5 mL) at room temperature. Immediate precipitation of
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yellow silver iodide was observed and the reaction mixture was stirred
for further 45 min under exclusion of light. The crude product was pre-
cipitated by addition of diethyl ether (300 mL) and recrystallised by di-
ethyl ether diffusion into a concentrated methanolic solution. The overall
yield over two steps is 42% (0.301 g).


Method 2 : Alternatively, 8 was synthesised in a safer way as follows.
Silver dinitramide bispyridine (0.277 g, 1.05 mmol) was dissolved in meth-
anol (5 mL) and neat methylguanazinium iodide (0.218 g, 1.05 mmol) was
added causing precipitation of yellow silver iodide. The suspension was
stirred for 1 h under exclusion of light and the yellow residue was fil-
tered. Diethyl ether (60 mL) was added to the filtrate causing precipita-
tion of a white solid, which was filtered under vacuum. The crude prod-
uct could be purified by allowing diethyl ether to slowly diffuse into a sa-
turated solution of 8 overnight yielding single crystals of the compound
(0.147 g, 75%). DSC (2 8Cmin�1): 129 (m.p.), �160 8C (decomp);
1H NMR ([D6]DMSO, 400.18 MHz, 25 8C, TMS): d=7.93 (s, 2H; N4H2),
6.47 (s, 2H; N6H2), 5.62 (s, 2H; N5H2), 3.41 ppm (s, 3H; CH3);


13C{1H}
NMR ([D6]DMSO, 100.63 MHz, 25 8C, TMS): d=150.5 (1C; C-N5H2),
147.5 (1C; C-N6H2), 34.2 ppm (1C; CH3);


14N{1H} NMR ([D6]DMSO,
40.55 MHz, 25 8C, MeNO2): d=�10.1 ppm (2N; N ACHTUNGTRENNUNG(NO2)2);


15N NMR
([D6]DMSO, 40.55 MHz, 25 8C, MeNO2): d=�11.1 (N ACHTUNGTRENNUNG(NO2)2), �164.5
(1N; N3), �177.8 (N ACHTUNGTRENNUNG(NO2)2), �238.8 (1N; N1), �240.5 (1N; N2), �322.5
(t, J=76.5 Hz, 1N; N4H2), �323.5 (t, J=91.9 Hz, 1N; N5H2),
�335.9 ppm (t, J=84.8 Hz, 1N; N6H2); Raman n(rel. int.)=3200 (6),
2954 (7), 1706 (20), 1649 (10), 1577 (9), 1473 (10), 1437 (18), 1421 (15),
1312 (100), 1220 (10), 1090 (3), 1174 (10), 1118 (10), 1047 (11), 1014 (9),
959 (12), 911 (7), 823 (37), 777 (48), 649 (31), 588 (11), 545 (7), 488 (21),
452 (8), 338 (20), 300 (37), 192 cm�1 (13); IR (KBr): ñ=3381 (m), 3327
(m), 3258 (s), 3086 (s), 1699 (m), 1658 (vs), 1613 (w), 1537 (m), 1431 (m),
1384 (w), 1343 (w), 1205 (s), 1178 (s), 1097 (w), 1032 (m), 953 (vw), 905
(vw), 828 (vw), 778 (w), 761 (w), 732 (w), 712 (w), 648 (w), 587 (w),
470 cm�1 (w); MS: (FAB+ , xenon, 6 keV, m-NBA matrix): 129.3 (cation);
elemental analysis calcd (%) for C3H9N9O4: C 15.32, H 3.86, N 53.61;
found: C 15.21, H 3.77, N 53.88.
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Introduction


Molecular recognition at interfaces constitutes an important
theme in contemporary supramolecular chemistry. Address-
ing this issue is essential both for basic knowledge and for


practical applications. For example, in chemical sensing, se-
lectivity is the key parameter in defining success or failure
of a given sensor, together with ruggedness.[1]


Reliable methods to assess and predict the complexation
properties of molecular receptors at interfaces are therefore
in demand. Both in natural and synthetic receptors, the
basic tenet of most molecular recognition phenomena is
their operation in solution, in which general dispersion inter-
actions largely cancel out in moving the substrate from the
solvent to the receptor site and in which the entropic cost of
binding is partly paid by solvent release in the bulk. The
same does not hold for recognition processes involving gas-
eous species, for which general, nonspecific dispersion inter-
actions predominate in moving to the liquid/solid state.[2] In
developing highly selective gas sensors, achieving effective
molecular recognition at the gas–solid interface is therefore
a demanding task that requires a fresh approach, both in
terms of receptor design and characterization tools.[3]


The goal of this work is to provide a clear understanding
of the parameters affecting molecular recognition of phos-
phonate cavitands at the gas–solid interface, with predicting
values on their gas-sensing properties. To achieve this goal
we set up an effective methodology for probing the molecu-
lar recognition properties of a given receptor at the gas–
solid interface. It relies on the combined use of ESI-MS,
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X-ray crystallography, and quartz crystal microbalance
(QCM)[1] measurements. ESI-MS and X-ray crystallography
were employed for the evaluation of the complexation prop-
erties of the receptors in the gas phase and solid state, re-
spectively. They provide precise information on the type,
number, strength, and geometry of the weak interactions re-
sponsible for the host–guest associations. The predictive
value of such information for gas–solid interactions is vali-
dated by coating QCM transducers with the receptors and
by exposing them to the analytes. By comparing the QCM
responses of different receptors, the contributions of specific
and nonspecific interactions can be dissected.


Results and Discussion


The compounds used in the present work are the phospho-
nate cavitands shown below. They present an open, confor-
mationally rigid cavity, delimited by one (Mi), two (ABii/
ACii/ACio), or four (Tiiii) phosphonate bridging groups at
the upper rim.[4]


In previous studies we have shown that the key factors af-
fecting the sensing performances of mono- and diphospho-
nate cavitands toward alcohols are:


1) The simultaneous presence of hydrogen bonding with
one of the P=O groups and CH–p interactions with the


p-basic cavity, which requires an inward (i) orientation of
the P=O bridges.[5]


2) A rigid cavity that provides a permanent free volume for
the analyte around the inward facing P=O groups, pivo-
tal for effective hydrogen bonding.[6]


3) The presence of two energetically equivalent hydrogen-
bonding options available to the analyte in the case of
AB/AC derivatives.[7]


The last factor suggests that increasing the number of con-
vergent P=O groups in the cavitand should enhance alcohol
complexation at the gas-solid interface.


To this purpose we prepared and tested third-generation
cavitand receptors presenting four inward facing P=O
bridges and compared them with their mono- and diphosph-
onate analogues, representing the first- and second-genera-
tion species, respectively. The corresponding tetrathio-
phosphonate cavitand TSiiii[C11H23,H,Ph] was also prepared
to test the influence of hydrogen bonding on the sensing re-
sponses.


Synthesis : Cavitands Mi[C11H23,H,Ph],[4]


ABii[C11H23,H,Ph],[6] and TSiiii[C11H23,H,Ph][8] were pre-
pared following reported procedures. The Tiiii[C11H23,H,Ph]
and Tiiii[H,CH3,CH3] cavitands were prepared according to
the procedure reported in reference [9]. The preparation of
the AC–diphosphonate cavitands ACii ACHTUNGTRENNUNG[H,CH3,Ph] and


ACio ACHTUNGTRENNUNG[H,CH3,Ph] followed a
two-step synthesis, in which
partial methylene bridging of
the starting resorcinarene was
performed first, leaving the
phosphonate bridging as last
step (see Scheme S1, in the
Supporting Information). The
removal of the alkyl “feet” at
the lower rim requires the
presence of a methyl group in
the 2-position of the starting
resorcinol to avoid polymeri-
zation in the acid-catalyzed re-
sorcinarene condensation reac-
tion with formaldehyde.[10]


Therefore all cavitands pre-
pared for crystal structure
studies have four methyl sub-
stituents at the upper rim.


Solid-state studies


ACii/ACio cavitands : Mono-
and diphosphonate cavitands
present a totally different be-
havior as receptor layers for al-
cohols in mass sensors accord-
ing to the relative orientation
of the P=O bridges. A single
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P=O group pointing outward is sufficient to switch off the
sensor responses.[5] Ideally, this remarkable difference
should be reflected in the crystal structure of the respective
alcohol complexes. Moreover, in the case of diphosphonate
cavitands, the presence of a second inward facing P=O
group enhances the sensor responses, independently from
the relative position of the two moieties. The additional con-
verging P=O group offers a second energetically and geo-
metrically equivalent hydrogen bond to the guest, as re-
vealed by the crystal structure of the
ABii[C2H5,H,Ph]·MeOH complex for the AB isomer.[7]


Whether or not this behavior is also followed by the AC
isomer remains to be proven. Compact cavitands ACii-
ACHTUNGTRENNUNG[H,CH3,Ph] and ACio ACHTUNGTRENNUNG[H,CH3,Ph] were synthesized to clarify
their interaction mode with alcohols, removing the R sub-
stituents at the lower rim to facilitate single-crystal forma-
tion.


The crystals were obtained from a liquid diffusion of
EtOH into a solution of the cavitands in CH2Cl2. The struc-
ture of the ACii ACHTUNGTRENNUNG[H,CH3,Ph]·EtOH complex is shown in
Figure 1. The ethanol molecule is located inside the cavitand


with its methyl group forming weak CH–p interactions with
the aromatic walls of the cavity. The complex is further sta-
bilized by the hydrogen bond between the OH group and
the P=O moieties. As observed in the ABii-
ACHTUNGTRENNUNG[H,CH3,Ph]·MeOH case, the probability of interaction is
maximized: the solvent is disordered with 50% probability
over two equivalent orientations, thus forming alternatively
a hydrogen bond with each of the two opposite P=O groups
(O···O=P 2.795(3) Q). Therefore there is no difference in
the binding mode in the solid state between AB and AC iso-
mers, despite of the different spatial orientation of the P=O
groups, as reflected in their comparable responses as sen-
sors.[7]


The crystals of cavitand ACio ACHTUNGTRENNUNG[H,CH3,Ph] (Figure 2) were
grown under the same conditions of those of complex ACii-
ACHTUNGTRENNUNG[H,CH3,Ph]·EtOH. The phenyl ring pointing inside the
cavity prevents any solvent inclusion, so that the disordered
ethanol and dichloromethane molecules can only fill the
empty spaces in the crystal lattice.


It is interesting to note that the ethanol molecules in the
lattice (see Figure S1, Supporting Information) do not gener-
ate any hydrogen-bonding interaction with the P=O group
oriented outside the cavity. Also for the ACioACHTUNGTRENNUNG[H,CH3,Ph]
isomer, crystallographic data are in agreement with sensors
measurements, showing a reduced affinity toward alcohols.


Tiiii cavitands : The influence of multiple hydrogen-bond ac-
ceptor sites on alcohol complexation has been assessed by
synthesizing tetraphosphonate cavitands, with all four P=O
bridges pointing into the cavity. Cavitand Tiiii[H,CH3,CH3]
was specially synthesized for crystal structure determina-
tions. Figure 3 shows the molecular structure of the


Tiiii[H,CH3,CH3]·MeOH complex. The complex crystallizes
in the tetragonal P4/n space group, with the methanol C�O
bond lying on the fourfold axis, so that the methanol hydro-
gen atoms are statistically disordered over four different ori-
entations. The alcohol interacts with the cavity through
three CH–p interactions involving the methyl group and the
aromatic rings of the cavitand (the CH···centroid distances
span from 2.845(7) to 3.060(7) Q) and forming weak hydro-
gen bonds between the hydroxyl group and the phosphonate


Figure 1. Molecular structure of the ACii[H,CH3,Ph]·EtOH complex
showing the two orientations of the hydroxyl hydrogen atoms (color
code: P, orange; O, red; C, grey; H, white). The hydrogen atoms not in-
volved in hydrogen bonding are omitted for clarity.


Figure 2. Molecular structure of one of the two symmetry independent
cavitands in 2ACio[H,CH3,Ph]·EtOH·CH2Cl2 (color code: P, orange; O,
red; C, grey). The hydrogen atoms and the solvent molecules in the lat-
tice are omitted for clarity.


Figure 3. Molecular structure of the Tiiii[H,CH3,CH3]·MeOH complex
showing the four orientations of the hydroxyl hydrogen atoms (color
code: P, orange; O, red; C, grey; H, white). The hydrogen atoms not in-
volved in the weak interactions are omitted for clarity.
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moieties at the upper rim (MeOH···O=P 3.059(6) Q; Fig-
ure S2, Supporting Information).[11] Due to its statistical dis-
order around the fourfold axis, the methanol can switch
among four different but isoenergetic triplets of CH···p in-
teractions with the host cavity and at the same time it can
also switch among four different isoenergetic MeOH···O=P
attractive interactions with the host, leading to an entropic
stabilization of the complex.


Gas-phase studies : No ethanol complexes were formed in
the gas phase with cavitands presenting one or two P=O
groups directed outward from the cavity.[12] These results
clearly indicate that the cooperativity between hydrogen
bonding and cavity inclusion is essential for complexation.
The outward facing P=O are ineffective in hydrogen bond-
ing both in the solid state and in the gas phase. Therefore
ESI-MS competition experiments were restricted to all
inward facing P=O/P=S cavitands to estimate their relative
affinity toward ethanol. All competition experiments were
carried out in 1:1 ethanol/acetonitrile solvent mixtures con-
taining equimolar amounts of two cavitands. Mean intensi-
ties of ethanol complexes formed by Mi[C11H23,H,Ph] versus
ABii[C11H23,H,Ph], and ABii[C11H23,H,Ph] versus
Tiiii[C11H23,H,Ph] are plotted in Figure 4. The results imply
that the thermodynamic stability of the complexes strongly
depends on the number of P=O groups pointing into the
cavity.


Under the same conditions, cavitand TSiiii[C11H23,H,Ph]
did not form complexes with alcohols, due to the reduced
hydrogen-bond acceptor ability of the P=S group compared
to the P=O analogue.[13] The relative kinetic stability of all
three ethanol complexes studied in competition experiments
has been assessed by means of CID (collision induced disso-
ciation) MS/MS experiments. Ethanol complexes of all cavi-
tands dissociated producing the protonated cavitand
[M+H]+ . The results shown in Figure 5 clearly indicate that
also the kinetic stability of the ethanol complexes is directly
related to the number of inward facing P=O groups present
in the cavitand. ESI-MS experiments underline the impor-
tance of multiple hydrogen-bonding options available to the
guest for effective complexation in the gas phase.


It is important to stress that the ESI-MS results are not
only supportive, but also complementary to the solid-state


ones. The former gives an estimate of the relative thermody-
namic and kinetic stability of the complexes as function of
the number of inward directed P=O groups present, which
cannot be inferred from the latter.


QCM measurements : Cavitands Mi[C11H23,H,Ph],
ABii[C11H23,H,Ph], Tiiii[C11H23,H,Ph], TSiiii[C11H23,H,Ph],
and reference polymer polyepichlorohydrin (PECH) were
deposited by spin coating on both sides of a 10 MHz QCM
transducer[14] and exposed to vapors of C1–C4 linear alcohols
at different concentrations. The presence of long alkyl feet
at the lower rim is essential to impart permeability to the
layer.[3d] Comparison of the responses of the different coat-
ings to MeOH vapors (Figure 6) highlights the positive
effect of the number of inward facing P=O units on the
sensor performances, as predicted.


The dependence of the sensor responses on hydrogen
bonding is evidenced by comparing the behavior of
Tiiii[C11H23,H,Ph] and TSiiii[C11H23,H,Ph] (Figure 7a). The
latter behaves similarly to the unspecific polymeric coating
PECH (Figure 7b). The structural similarity of the two cavi-
tands allows a proper comparison of the sensor data, with-


Figure 4. Mean intensities of the ethanol complexes obtained in competi-
tion experiments for the pairs Mi/ABii and ABii/Tiiii.


Figure 5. Dissociation (CID) of the ethanol complexes of
Mi[C11H23,H,Ph], ABii[C11H23,H,Ph] and Tiiii[C11H23,H,Ph]. Normalized
intensities as a function of activation energy in eV.


Figure 6. Selectivity patterns of cavitands Mi[C11H23,H,Ph],
ABii[C11H23,H,Ph], Tiiii[C11H23,H,Ph], and polymer PECH to methanol
at 1500 ppm.
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out any bias due to different solid-state packing and coating
morphology. Substitution of the four P=O groups with the
P=S analogues strongly reduces the responses across the
entire alcohol series, in line with ESI-MS data. The in-
creased weight of dispersion interactions, associated with al-
cohol chain length, determines the general enhancement of
the responses exhibited by both cavitands. This effect is par-
ticularly pronounced at high alcohol concentrations at which
the layer is saturated (1500 ppm, Figure 7a). Nevertheless,
the progressive dilution of specific responses is less evident
at low analyte concentrations (25 ppm, Figure 7b), at which
the energetically favorable cavity inclusions dominate.[6] A
significant enhancement of the responses was only observed
for n-butanol and n-pentanol, indicating that nonspecific
extra cavity physisorption contribute significantly to the
overall QCM response. In all other cases the response is
comparable, suggesting that the inclusion mode is the same
for short-chain alcohols.


The threshold value for alcohol detection has been deter-
mined for the most sensitive Tiiii[C11H23,H,Ph] in the case of
ethanol in the 5–100 ppm regime (see Figure S3, Supporting
Information). With a reproducible response of 8�0.6 Hz at
5 ppm and a noise level of �1 Hz for 10 MHz transducers,
the lower limit of ethanol detection can be estimated in
2 ppm.


So far, the proposed methodology has shown the ability
to predict the trend in the sensor responses for the cavi-


tands, not for the analytes. The influence of dispersion inter-
actions on the QCM responses for long-chain alcohols jeop-
ardizes the identification of a clear trend in alcohol detec-
tion.


The water case : A closer match between prediction and ex-
periment has been achieved in the case of water, an analyte
which does not experience dispersion interactions.


The QCM data (Figure 8) show that TSiiii[C11H23,H,Ph]
and Mi[C11H23,H,Ph] coatings are almost insensitive to
water and that the response of Tiiii[C11H23,H,Ph] is twice


that of ABii[C11H23,H,Ph]. The same trend is present in the
gas phase: TSiiii[C11H23,H,Ph] and Mi[C11H23,H,Ph] do not
form any complex with water, while ABii[C11H23,H,Ph]
forms a protonated [M+H+H2O]+ complex and
Tiiii[C11H23,H,Ph] a protonated [M+H+2H2O]+ complex.
The composition of these complexes was verified by a CID
experiment (Figure 9).


The crystal structure of the Tiiii[H,CH3,CH3]·2H2O com-
plex, grown from trifluoroethanol, supports the complex sto-
ichiometry indicated by the gas-phase experiments[15] and re-
veals the preferred host–guest hydrogen-bonding pattern
(Figure 10, see also Figure S4, Supporting Information). The
two water molecules are involved in a zig-zag chain of hy-
drogen bonds with the two distal P=O groups, instead of
binding each of them to a vicinal P=O couple. Therefore, in
the absence of nonspecific dispersion interactions, the bind-
ing mode stoichiometry is fully reflected in the correspond-
ing mass-sensor responses (Figure 8). Such level of defini-
tion of host–guest interactions at the gas–solid interface is
unprecedented, allowing reliable predictivity in sensor re-
sponses for the analyte/receptor pair.


Conclusion


The third-generation tetraphosphonate cavitand receptors
have been prepared and the corresponding mass sensors


Figure 7. a) Responses of Tiiii[C11H23,H,Ph] and TSiiii[C11H23,H,Ph] to
C1–C4 linear alcohols (1500 ppm each); b) responses of cavitands
Tiiii[C11H23,H,Ph], TSiiii[C11H23,H,Ph], and polymer PECH to C1–C5 al-
cohols (25 ppm each).


Figure 8. Selectivity patterns of cavitands TSiiii[C11H23,H,Ph],
Mi[C11H23,H,Ph], ABii[C11H23,H,Ph], and Tiiii[C11H23,H,Ph] to water
(230 ppm).
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tested in their ability to detect alcohols and water. The alco-
hols complexation both in the solid state and in the gas
phase is driven by the cooperative effect of hydrogen bond-


ing and CH–p interactions, made possible by the insertion
of phosphonate bridges on top of a preorganized cavity. Nei-
ther interaction, taken alone, is sufficient for efficient com-
plexation. QCM measurements showed that the third gener-
ation Tiiii cavitands outperforms the previous two (Mi,
ABii/ACii) in terms of sensor responses. The results demon-
strated that the entropic stabilization of host–guest com-
plexes through energetically equivalent multiple interactions
is a viable route to enhance sensitivity and selectivity in
mass sensors, while retaining full reversibility.


In conclusion, the combined use of ESI-MS and crystallo-
graphic analyses allows us to anticipate the molecular recog-
nition properties of cavitands at the gas–solid interface,
when the dominant interactions in the two phases coincide.
In the absence of dispersion interactions, this approach
allows us to predict the trend in sensor responses of a given
analyte–cavitand pair. The overall methodology is of wide
applicability to many receptor–analyte pairs, allowing an
easy and reliable evaluation of their molecular recognition
potential at interfaces.


Experimental Section


Cavitands synthesis


Tiiii[C11H23,H,Ph]: Dichlorophenylphosphate (1.23 mL, 7.96 mmol) and
N-methylpyrrolidine (213 mL, 2.04 mmol) were added, under nitrogen, to
a solution of undecyl-“footed” resorcinarene (2.0 g, 1.81 mmol) in anhy-
drous toluene (100 mL). The mixture was stirred at 112 8C for 5 h. After
evaporation of the solvent, the crude product was purified by column
chromatography (SiO2, CH2Cl2/EtOH 9:1) to give the title compound as
white solid (1.44 g, 50%). 1H NMR (CDCl3, 300 MHz): d=8.08–7.98 (m,
8H; POArHo), 7.60–7.53 (m, 12H; POArHm +POArHp), 7.29 (s, 4H;
ArHdown), 6.97 (s, 4H; ArHup), 4.78 (t, 3J=7.6 Hz, 4H; RCHAr2), 2.37
(m, 8H; CHCH2R), 1.43–1.25 (m, 72H; -CH2-), 0.86 ppm (t, 3J=6.9 Hz,
12H; -CH3);


31P NMR (CDCl3, 162 MHz): d =5.83 ppm (s, POAr); ESI-
MS: m/z : 1595.4 [M+H]+ , 1618.3 [M+Na]+ .


Tiiii[H,CH3,CH3]: Dichloromethylphosphate (1.46 mL, 16.17 mmol) and
N-methylpyrrolidine (432 mL, 4.15 mmol) were added, under nitrogen, to
a suspension of resorcinarene 1 (2.0 g, 3.67 mmol) in anhydrous dichloro-
benzene (100 mL). The mixture was stirred at 140 8C for 24 h. After evap-
oration of the solvent, the crude product was purified by column chroma-
tography (SiO2, CH2Cl2/MeOH 8:2) to give the title compound as white
solid (0.81 g, 28%). 1H NMR (CDCl3/MeOD, 300 MHz): d=6.99 (s, 4H;
ArHdown), 4.19 (d, 2J=13 Hz, 4H; CH2eqAr2), 3.36 (d, 2J=13 Hz, 4H;
CH2ax.Ar2), 1.98 (s, 12H; ArCH3), 1.81 ppm (d, JH-P =18 Hz, 12H;
POCH3);


31P NMR (CDCl3/MeOD, 162 MHz): d=22.03 ppm (s,
POCH3); ESI-MS: m/z (%): 785.3 (30) [M+H]+ , 823.3 (100) [M+K]+ .


AC methylene dibridged resorcinarene : Dibromomethane (0.14 mL,
1.93 mmol) and K2CO3 (512 mg, 3.70 mmol) were added to a solution of
resorcinarene 1 (SI) (526 g, 0.966 mmol) in anhydrous DMA (80 mL).
The mixture was stirred at 80 8C for 3 h. After evaporation of the solvent,
the crude product was purified by column chromatography (SiO2,
hexane/acetone 7.5:2.5) to give the AC isomer as white solid (38 mg,
7%). 1H NMR (CDCl3, 300 MHz): d=7.08 (s, 4H; ArHdown), 6.33 (br s,
4H; ArOH), 5.89 (d, 2J=7 Hz, 2H; O-CH2out-O), 4.45 (d, 2J=13 Hz, 2H;
CH2ax.Ar2), 4.35 (d, 2J=7 Hz, 2H; O-CH2in-O), 4.05 (d, 2J=13 Hz, 2H;
CH2ax.Ar2), 3.46 (d, 2J=13 Hz, 2H; CH2eqAr2), 3.25 (d, 2J=13 Hz, 2H;
CH2eqAr2), 2.01 (s, 12H; ArCH3); ESI-MS: m/z (%): 607.3 (100) [M+K]+.


ACii ACHTUNGTRENNUNG[H,CH3,Ph] and ACioACHTUNGTRENNUNG[H,CH3,Ph]: Dichlorophenylphosphate (20 mL,
0.142 mmol) and N-methylpyrrolidine (8 mL, 0.076 mmol) were added,
under nitrogen, to a solution of AC methylene dibridged resorcinarene
(38 mg, 0.067 mmol) in anhydrous toluene (33 mL). The mixture was


Figure 10. Molecular structure of the
Tiiii[H,CH3,CH3]·2CF3CH2OH·2H2O complex showing the hydrogen-
bond interactions (color code: P, orange; O, red; C, grey; H, white; F,
light blue). The hydrogen atoms are omitted for clarity.


Figure 9. a) CID spectrum (Ecom =1.0 eV) of pre-isolated m/z 1391.7.
Measured from solution containing ABii[C11H23,H,Ph] and 2.5% water in
ACN; b) CID spectrum (Ecom =1.0 eV) of pre-isolated m/z 1629.6. Mea-
sured from solution containing Tiiii[C11H23,H,Ph] and 10% water in
ACN.
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stirred at 112 8C for 5 h. After evaporation of the solvent, the crude prod-
uct was purified by column chromatography (SiO2, hexane/THF 5:5) to
give the ACii isomer (7 mg, 13%) and the ACio isomer (10 mg, 18%) as
a white solid.


ACii : 1H NMR (CDCl3, 300 MHz): d=8.13 (m, 4H; POArHo), 7.66–7.56
(m, 6H; POArHm + POArHp), 7.04 (s, 4H; ArHdown), 5.81 (d, 2J=7 Hz,
2H; O-CH2out-O), 4.71 (d, 2J=7 Hz, 2H; O-CH2in-O), 4.51 (d, 2J=13 Hz,
2H; CH2ax.Ar2), 4.45 (dd, 2J=13 Hz, JH-P =3 Hz, 2H; CH2ax.Ar2), 3.46 (d,
2J=13 Hz, 2H; CH2eqAr2), 3.29 (d, 2J=13 Hz, 2H; CH2eqAr2), 2.15 ppm
(s, 12H; ArCH3);


31P NMR (CDCl3, 162 MHz): d=6.61 ppm (s, POAr);
ESI-MS: m/z (%): 835.1 (100) [M+Na]+ .


ACio : 1H NMR (CDCl3, 300 MHz): d=8.12 (m, 4H; POArHo), 7.69–7.60
(m, 3H; POArHm + POArHp), 7.32 (m, 1H; POArH), 7.13 (s, 2H;
ArHdown), 7.12 (s, 2H; ArHdown), 6.82 (m, 2H; POArH), 6.72 (m, 2H;
POArH), 5.70 (d, 2J=7 Hz, 2H; O-CH2out-O), 4.72 (d, 2J=13 Hz, 1H;
CH2ax.Ar2), 4.51 (d, 2J=13 Hz, 2H; CH2ax.Ar2), 4.42 (dd, 2J=13 Hz, JH-P =


3 Hz, 1H; CH2ax.Ar2), 3.91 (d, 2J=7 Hz, 2H; O-CH2in-O), 3.58 (d, 2J=


13 Hz, 1H; CH2eqAr2), 3.51 (d, 2J=13 Hz, 1H; CH2eqAr2), 3.32 (d, 2J=


13 Hz, 2H; CH2eqAr2), 2.08 (s, 6H; ArCH3), 1.62 ppm (s, 6H; ArCH3).
31P NMR (CDCl3, 162 MHz): d=8.19 (s, 1P, POAr), 4.32 ppm (s, 1P;
POAr); ESI-MS: m/z (%): 835.1 (100) [M+Na]+ .


Crystal structures : The crystal structure of complexes ACii-
ACHTUNGTRENNUNG[H,CH3,Ph]·EtOH, 2ACio ACHTUNGTRENNUNG[H,CH3,Ph]·EtOH·CH2Cl2,
Tiiii[H,CH3,CH3]·MeOH and Tiiii[H,CH3,CH3]·2CF3CH2OH·2H2O were
determined by single-crystal X-ray diffraction methods. Crystallographic
and experimental details for the structures are summarized in Tables S1
and S2 in the Supporting Information. Intensity data and cell parameters
were recorded at room temperature on a Bruker AXS Smart 1000 single-
crystal diffractometer, equipped with a CCD area detector with graphite
monochromated MoKa radiation. The structures were solved by direct
methods by using the SIR97 program[16] and refined on F2


o by full-matrix
least-squares procedures, with the SHELXL-97 program.[17] Both pro-
grams were used in the WinGX suite.[18] The data reductions were per-
formed by using the SAINT[19] and SADABS[20] programs. All the non-
hydrogen atoms were refined with anisotropic atomic displacements, with
the exclusion of the disordered ethanol guest in ACii ACHTUNGTRENNUNG[H,CH3,Ph]·EtOH,
of two carbon atoms of one phenyl ring and of the disordered ethanol
and dichloromethane solvent in 2ACio ACHTUNGTRENNUNG[H,CH3,Ph]·EtOH·CH2Cl2, of the
methanol guest in Tiiii[H,CH3,CH3]·MeOH, and of the trifluoroethanol
and water molecules in Tiiii[H,CH3,CH3]·2CF3CH2OH·2H2O. The hydro-
gen atoms were included in the refinement at idealized geometries (C�H
0.95 Q) and refined “riding” on the corresponding parent atoms. The
weighting scheme used in the last cycle of refinement was w=1/[s2F2


o +


(0.1535P)2], w=1/[s2F2
o + (0.1155P)2], w=1/[s2F2


o + (0.1305P)2], and w=


1/[s2F2
o + (0.2181P)2] with P= (F2


o +2F2
c)/3 for ACii[H,CH3,Ph]·EtOH,


2ACio[H,CH3,Ph]·EtOH·CH2Cl2, Tiiii[H,CH3,CH3]·MeOH, and Tiiii[H,
CH3,CH3]·2CF3CH2OH·2H2O, respectively.


CCDC-678546 (ACii[H,CH3,Ph]·EtOH), 678547 (2ACio[H,CH3,Ph]·
EtOH·CH2Cl2), 655612 (Tiiii[H,CH3,CH3]·MeOH), and 655313 (Tiiii[H,
CH3,CH3]·2CF3CH2OH·2H2O) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif. Geometric calculations were performed with the
PARST97 program.[21]


ESI-MS studies : Mass spectrometry experiments were performed with
the BioApex 47e Fourier transform ion cyclotron resonance mass spec-
trometer equipped with an InfinityTM cell, a passively shielded 4.7 T
160 mm bore superconducting magnet, and an external ApolloTM electro-
spray ionization source. The sample was introduced to a 708 off-axis
sprayer (stainless steel metal capillary) through a syringe infusion pump
at a flow rate of 1.5 mLmin�1. Room-temperature nitrogen (N2) was used
as a nebulizing and counter-current drying gas. The measurements and
data handling were accomplished with Bruker XMASS software, version
6.0.2. More precise description of instrument and the parameters used
have been published.[12] Cavitand concentration in samples was 2.0–
4.0 mm. The samples for water complexation contained cavitand (2 mm),
1–20% (v/v) H2O, 0.5% (v/v) acetic acid and ACN as a solvent. Compe-
tition experiments with cavitands were performed with a cavitand1/cavi-


tand2 ratio of 1:1 in the presence of ethanol. Each experiment was car-
ried out on five different samples and each sample was measured five
times. The overall variance was calculated from the standard deviation of
sampling and the standard deviation of the measurement (s2tot = s2


1 + s22). In
collision induced dissociation (CID) experiments, collisionally cooled
precursor ions were isolated by the CHEF procedure.[22] Isolated ions
were thermalized during 3.0 s delay, translationally activated by an on-
resonance radio frequency (RF) pulse, and allowed to collide with pulsed
argon background gas. Each spectrum was a collection of 32 scans.


Sensors measurements : Sensing measurements were performed using a
10 MHz AT-cut quartz. Cavitands films were deposited on gold electrode
areas on both sides of the quartz transducers by spin-coating deposition
technique. Each microbalance was coated with the same amount of cavi-
tand, which was verified by measuring the frequency shift of Df=20�
0.5 kHz on the final coated QCM. The measurement system (Gaslab
20.1; IFAK, Magdeburg) was equipped with a flow chamber, containing
four coated quartz crystals, a reference quartz crystal, and a thermocou-
ple. The temperature of the chamber was thermostated at 20�0.1 8C.
The QCM chamber was connected with two mass flow controllers
(Brooks 5850S): one allowed control of the flow rate of alcohol mixture
between 2 and 50 mLmin�1 and the other controlled the flow rate of
pure nitrogen from 150 to 200 mLmin�1. The starting stream of N2 (200�
2 mLmin�1) was then replaced by a N2 +alcohol mixture (200�
2 mLmin�1); the N2/alcohol ratio was imposed by the desired final alco-
hol concentration considering that the total amount of the stream had to
be 200�2 mLmin�1. After reaching of the flat characteristic plateau
(equilibrium of the partition coefficient) the chamber was flushed with
pure N2 to restore the starting conditions. During the whole process the
coated quartz crystal frequency was measured as a function of the time
every 1 s. All measurements were repeated at least four times, with varia-
tions in response of less than 3%. Alcohols used in low ppm measure-
ments were supplied by SAPIO S.r.l. in gas cylinders with a certified con-
centration of in ppm. The graduated cylinders were prepared following
the standard gravimetric procedure of the normative ISO 6142. In the
case of high ppm measurements (1500 ppm) the organic vapors were gen-
erated by bubbling a stream of nitrogen carrier gas through the volatile
liquids to produce a continuous steam saturated with vapor, the concen-
tration of which depended on the vapor pressure of the liquid (values
were obtained by experimental data interpolation[23]). This stream was di-
luted with nitrogen by the second mass flow controller to obtain the de-
sired analyte concentration.
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Introduction


Covalent bond lengths, such as 1.54 � for Csp3�Csp3, are basic
parameters in chemistry.[1] Compounds that show remark-
able deviation from standard values have attracted atten-
tion.[2] In addition to the need to elucidate the origin of
bond elongation,[3–9] we must also explore novel reactivities
that involve such weakened bonds to shed light on the boun-
dary between long bonds and short nonbonds.[10] Because
bond energy decreases with an increase in bond length,[11]


long bonds are prone to bond fission under homolytic[4,12] or
mesolytic[13] conditions. Hexaphenylethane (HPE) deriva-
tives[4] are representative examples in which the polyarylat-
ed central C�C bond is elongated, as exemplified by 1,1,2,2-
tetraphenylnaphthocyclobutenes,[5] which have a C�C bond


length of 1.73 �. Unlike “cross-clamped” HPE molecules, in
which two of the phenyl units are fused or bridged together,
“unclamped” HPE molecules, in which the aryl groups are
only bonded to the central C�C atoms, are unstable and
even the shorter bond (1.65 �) readily undergoes fission to
generate trityl radicals.
In our search for further expanded bonds in stabilized


HPE derivatives, we found that the tetraarylacenaphthene
skeleton A is more promising than that of benzocyclobutene
B because the former will not suffer from valence isomeriza-
tion to the bond-dissociated isomer A’ due to non-Kekul5-
type conjugation, whereas the latter is reversibly trans-
formed into the tetraaryl-o-quinodimethane B’[14]


(Scheme 1). Furthermore, we envisaged that the central
“ethane” bond of acenaphthene derivative A could be
longer than that in other HPE-type compounds due to the
large interatomic separation between peri positions[15–21] of
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Scheme 1. Schematic formulas for tetraarylacenaphthene A, tetraarylben-
zocyclobutene B, and their bond-dissociated isomers A’ and B’.
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the naphthalene ring and the increase of the “front
strain”[4b,7b] due to torsional constraints.
Recently, we[19] and GabbaL et al.[20] independently report-


ed the preparation of some derivatives of A that have geo-
metrical features that are consistent with our prediction de-
scribed above. Herein we report the synthesis and evalua-
tion of acenaphthene 1a as well as newly prepared pyracene
1b and dihydropyracylene 1c. The spiroacridan units are
suitable for enhancing geometrical features by further in-
creasing the front strain through “back-clamping”, that is,
through the substituted aryl rings in general formula A
being held together by a bridging unit, (Scheme 2). Detailed
X-ray structural analyses revealed that these HPE molecules
possess some of the longest C�C single bonds ever reported
(1.696(3),[19a] 1.707(2)–1.771(3),[19b] and 1.724(3)–1.754(3) �


for 1a, 1b, and 1c, respectively). The nature of these ultra-
long bonds has been evaluated by theoretical calculations
and electrochemical bond-cleavage studies.


Results and Discussion


Design and preparation of 1a–c : In our studies on novel
electrochromic systems,[22,23] we have found that congested
HPE molecules can be easily produced from the corre-
sponding less-hindered bis(diarylmethylium) dications with
an arylene spacer by means of a reductive ring-closing reac-
tion.[23] Therefore, we envisaged that sterically challenged
dispirobis(10-methylacridan) derivatives 1a–c could be ob-
tained from dications 2a2+–2c2+ , in which the acridinium
groups are incorporated into the peri positions (Scheme 2).
Despite the close proximity of the two cationic centers,
these dications are less hindered than 1a–c and can be pro-
duced by quaternization of the acridine nitrogen atoms of
diacridine compounds 3a–c.
From the Stille reaction between 1,8-dibromonaphthalene


(4a)[24] and 9-trimethylstannylacridine (5), using [Pd ACHTUNGTRENNUNG(PPh3)4]
(30 mol%) and CuO (200 mol%) in DMF at 100–140 8C,[17]


we obtained 3a in a yield of 23% as slightly soluble yellow
crystals (Scheme 3). Under similar conditions, the Stille re-
actions of 5,6-dibromoacenaphthene (4b)[25] and 5,6-dibro-
moacenaphthylene (4c)[26] with 5 gave more-soluble diacri-
dine compounds 3b and 3c in higher yields of 48 and 43%,
respectively. Upon treatment with a large excess of MeOTf


Scheme 2. Generation of dispirobis(10-methylacridan) derivatives 1a–c
(1a : R=H; 1b : R,R=CH2�CH2; 1c : R,R=CH=CH) from the corre-
sponding bis(10-methylacridium) dications 2a2+–2c2+ .


Scheme 3. Preparation of dispirobis(10-methylacridan) derivatives 1a–c and the reference monocations 9a+ and 9b+ . a) 5, [Pd ACHTUNGTRENNUNG(PPh3)4], CuO, DMF, 100–
140 8C; b) MeOTf, 2,6-di-tert-butyl-4-methylpyridine, CH2Cl2, 25 8C; c) activated Zn in Et3N/THF for 2a2+ and 2b2+ or Et3N/CH2Cl2 for 2c2+ , 25 8C;
d) [(4-BrC6H4)3N] ACHTUNGTRENNUNG[SbCl6], CH2Cl2, 25 8C; e) 1. nBuLi, 7, THF, �78 8C; 2. HClaq/EtOH, 25 8C.
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in the presence of a bulky base (2,6-di-tert-butyl-4-methyl-
pyridine) in CH2Cl2 at room temperature, compounds 3a–c
were transformed into orange crystals of 2a–cACHTUNGTRENNUNG[OTf]2 salts in
yields of 80, 95, and 90%, respectively.
The parallel arrangement of the two acridinium units in


22+ ensures facile C�C bond formation between them upon
two-electron reduction. Treatment of 2a ACHTUNGTRENNUNG[OTf]2 with Zn in
Et3N/THF (3:10) gave 1a, a dispiroacenaphthene-type HPE,
which was isolated as stable colorless crystals in a yield of
95%. The transformation of 2b2+ or 2c2+ into 1b or 1c also
proceeded smoothly under similar conditions, regardless of
the longer interatomic distances between the carbenium
centers in the dications (see below). Although 1b,c are less
stable than 1a in solution, we could still isolate 1b,c as pale
yellow crystals from crude mixtures by careful recrystalliza-
tion under an inert atmosphere.
Upon reduction, the chemical shifts of the N-Me protons


of 2a2+–2c2+ (d=4.4–4.5 ppm in CD3CN) moved to a
higher field (d=2.61–2.64 ppm in C6D6) in the 1H NMR
spectra. The 13C NMR spectra
also indicate that the positively
charged sp2-hybridized C9 atom
(d=161.3, 162.0, and 160.7 ppm
for 2a2+ , 2b2+ , and 2c2+ , re-
spectively, in CD3CN) in 2a2+–
2c2+ became an uncharged sp3


carbon atom (d=70.9, 75.3, and
76.3 ppm for 1a, 1b, and 1c, re-
spectively, in C6D6), which
shows that the reduction pro-
duced ring-closed HPE mole-
cules 1a–c.


Properties and structures of
3a–c and 2a2+–2c2+ : Because
there are two large p substitu-
ents in close proximity at the
peri position of the naphtha-
lene-type spacer,[16–20] diacridine derivatives 3a–c and bis(10-
methylacridinium) dications 2a2+–2c2+ are sterically hin-
dered molecules. They avoid steric repulsion in two ways:
by expanding the intersubstituent distance on the naphtha-
lene plane (“expanding”), and by off-sliding of the two sub-
stituents orthogonally with respect to the naphthalene plane
accompanied by an out-of-plane deformation of the naph-
thalene skeleton (“twisting”). To understand the differences
in peri interaction caused by the use of different arylene
spacer units, that is, naphthalene, acenaphthene, and ace-
naphthylene, we studied the X-ray structures of diacridine
derivatives 3a–c and bis(10-methylacridinium) dications
2a2+– ACHTUNGTRENNUNG2c2+ . The former show a p–p interaction between two
acridine rings in close proximity, whereas the latter show
electrostatic repulsion between two acridinium units in addi-
tion to a p–p interaction.
Diacridines 3a–c are stable yellow crystalline materials


that exhibit yellowish-green fluorescence (see Figure S1 and
Table S1 in the Supporting Information). The X-ray struc-


tures of diacridine derivatives 3a–c (Figure 1, Table 1; and
Figures S3–S5 in the Supporting Information) revealed a
parallel arrangement of the acridine rings, with the closest
nonbonded contacts between the two C9 carbon atoms of
the acridine units in the expected order (2.993(2), 3.075(3),
and 3.095(3) � for 3a, 3b, and 3c, respectively). These
values are much shorter than the sum of the van der Waals
radii of C···C (3.40 �), and are close to the range of those
observed in various 1,8-diarylnaphthalenes[16–19] (2.94–
3.00 �) and 5,6-diarylacenaphthenes[21] (3.10–3.12 �). The
arylene spacer is almost planar (1808�ACHTUNGTRENNUNG(w, w’)=<�0.68) in
all cases, and the out-of-plane deviations of the acridine
rings are marginal (q=1.3 to 2.98). Thus, compounds 3a–c
adopt eclipsed conformations. Both acridine rings are rotat-
ed nearly perpendicularly relative to the arylene spacer (f,
f’=73.6 to 75.98).
Dications 2a2+–2c2+ are red crystalline materials and do


not emit fluorescence,[27] although 10-methylacridinium is
known to be a strong fluorophore[28] (see Figure S2 and


Figure 1. X-ray crystal structures of 3a (left), 3b (center), and 3c (right) (ORTEP representation with 50%
probability). Hydrogen atoms are omitted for clarity.
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Table S1 in the Supporting Information). The electron-ac-
cepting properties of 2a2+–2c2+ (Ered=�0.07 (irreversible),
�0.25 (reversible), and �0.26 V (reversible) for 2a2+ , 2b2+ ,
and 2c2+ , respectively) are stronger than those of the corre-
sponding monoacridinium cations 8a+ and 8b+ (�0.57 (re-
versible) and �0.59 V (reversible) for 8a+ and 8b+ , respec-
tively; see below), which were prepared[29,30] as shown in
Scheme 3. These properties clearly show the strong electron-
ic interaction between the two cationic parts in 2+


. The
higher electron affinity in 2a2+ suggests closer contact be-
tween the two acridinium units than in 2b2+ and 2c2+ as
verified by the X-ray structures of these salts.
X-ray analysis of the dication salt 2a ACHTUNGTRENNUNG[OTf]2 demonstrates


that the naphthalene-1,8-diyl skeleton in 2a2+ forces the two
acridinium units into close proximity (3.020(2) �; Figure 2,
Table 1; Figures S6–S8 in the Supporting Information). The
two acridinium rings are offset with twisting deformation of
the naphthalene nucleus (1808� ACHTUNGTRENNUNG(w, w’)=<�2.78) and ex-
hibit significant out-of-plane deviation in the opposite direc-
tion (q=15.08). Since a similar out-of-plane deviation was
also observed in another salt of 2a2+ with different counter-
anions (q=16.38 for 2a ACHTUNGTRENNUNG[SbCl6]2),


[19a] the twisted conforma-
tion of 2a2+ is energetically feasible for dication 2a2+ with a
naphthalene spacer to avoid electrostatic repulsion between
the positive charges at the peri position. On the other hand,
the out-of-plane deviations of the two acridinium rings are
marginal in the X-ray structures of 2bACHTUNGTRENNUNG[OTf]2 and 2c2+


ACHTUNGTRENNUNG[OTf]2
(q’=3.4 and 2.78, respectively), the eclipsed conformations
of which are quite similar to those of the precursors 3b,c.


These differences can be explained by the torsional con-
straints in the acenaphthene and acenaphthylene skeletons
due to bridging with an ethane or an ethylene chain (back-
clamping) at the opposite peri position in the naphthalene
ring.[21] Consequently, the molecules with an acenaphthene
or acenaphthylene spacer have to reduce steric repulsion by
expanding the separation between the acridinium units
(3.065(5) and 3.097(4) � in 2bACHTUNGTRENNUNG[OTf]2 and 2cACHTUNGTRENNUNG[OTf]2, respec-
tively). This deformation mode seems to be intrinsically fa-
vored in the case of these arylene spacers. These results
demonstrate the validity of our molecular-design concept to
fine-tune the relative geometries of the acridine rings by
back-clamping in the arylene spacer.


X-ray structures of molecules 1a–c : Ever since the initial
report of very long bonds as revealed by X-ray analyses of
1,1,2,2-tetraarylbenzocyclobutene derivatives,[5] bond lengths
greater than 1.70 � have been acknowledged as “accepta-
ble” values for conventional Csp3�Csp3 bonds, even though
they are significantly longer than the standard (1.54 �).[5,6, 19]


Based on the careful examination of thermal ellipsoids for
long-bonded atoms or diffraction data at low temperatures,
they have been distinguished from crystallographic artifacts
and thus proven to be intrinsic.[31] Therefore, we considered
that acenaphthene 1a, pyracene 1b, and dihydropyracylene
1c may be promising candidates for exhibiting a greater
bond length for several reasons: 1) The “ethane” bond
lengths in the parent acenaphthene (calcd[33] at B3LYP/6-
31G*: 1.569 �; exptl: 1.561(8) and 1.552(10) � in two crys-


tallographically independent
molecules[32]), pyracene (calcd:
1.586 �; exptl: 1.59(3) �[34]),
and dihydropyracylene (calcd:
1.586 �; no exptl data) are
comparable to those in benzo-
cyclobutene (calcd: 1.5816 �;
exptl: 1.576(1) �[35]) and naph-
thocyclobutene (calcd:
1.5806 �; exptl: 1.565(2) �[36]);
2) The cross-clamping of HPE
molecules, by fusing two phenyl
units into the naphthalene-type
skeleton, plays a role in fixing
the substituted aryl groups in
almost eclipsed conformations
(“torsional constraint”); 3) The
back-clamping of HPE mole-


Table 1. Structural data of 3a–c and 2a2+–2c2+ determined by X-ray analyses.


3a 3b 3c 2a ACHTUNGTRENNUNG[OTf]2 2b ACHTUNGTRENNUNG[OTf]2 2c ACHTUNGTRENNUNG[OTf]2


C9···C9’ [�] 2.993(3) 3.075(3) 3.095(3) 3.020(2) 3.065(5) 3.097(4)
N···N’ [�] 3.817(3) 3.946(3) 3.785(3) 4.229(2) 3.643(4) 3.782(3)
a, a’ [8] 115.2(2), 115.2(2) 116.2(2), 117.6(2) 116.5(2), 116.5(2) 115.7(2), 114.2(2) 117.7(3), 115.3(4) 117.8(2), 116.0(2)
b, b’ [8] 125.2(2), 125.2(2) 124.7(2), 123.4(2) 124.7(2), 124.7(2) 123.7(2), 124.7(2) 121.9(4), 125.5(3) 123.3(2), 125.0(2)
180� ACHTUNGTRENNUNG(w, w’) [8] 0.6 (1), �0.6(1) 0.50(10), �0.34(10) 0.14(7), �0.14(7) 1.66(8), �2.74(9) 1.75(18), 1.36(19) –0.04(14), 0.27(9)
q [8] 1.8 2.9 1.3 15.0 3.4 2.7
f, f’ [8] 75.9(1), 75.9(1) 74.9(1), 75.9(1) 73.6(1), 73.6(1) 84.2(1), 85.8(1) 66.3(2), 67.2(2) 71.3(1), 73.3(1)


Figure 2. X-ray crystal structures of 2a ACHTUNGTRENNUNG[OTf]2 (left), 2b ACHTUNGTRENNUNG[OTf]2 (center), and 2c ACHTUNGTRENNUNG[OTf]2 (right) (ORTEP represen-
tation with 50% probability). Hydrogen atoms and counterions are omitted for clarity.
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cules, by using a spiroacridan unit in place of two phenyl
units on the same ethane carbon atom of an HPE molecule,
prevents the propeller-shaped geometry of the triphenyl-
methyl units. This “torsional constraint” induced by the
combination of back-clamping and the above-mentioned
cross-clamping leads to a highly eclipsed conformation with
a larger net front strain; 4) The additional back-clamping in
1b,c, by which the opposite peri position was bridged with
an ethane (1b) or an ethylene unit (1c), expands the intera-
tomic distance between the substituents at the peri positions
(i.e., the Csp3�Csp3 bond length),[21] and the increased planari-
ty and skeletal rigidity induced by the bridge enhances the
preference for the eclipsed conformation in 1b,c by prevent-
ing the twisting deformation of the arylene spacers. The val-
idity of molecular-design concepts (2)–(4) was verified by
analyzing the detailed X-ray structures of 3a–c and 2a2+–
2c2+ (see above).
X-ray analysis of dispirobis(10-methylacridan) derivatives


1a–c revealed that the central C�C bonds are extremely
long, as designed (Figure 3 and Table 2). The C1�C2 bond
length (d1) in acenaphthene 1a was found to be
1.696(3) �,[19a] which is 0.16 and 0.13 � longer than the stan-
dard value (Csp3�Csp3: 1.54 �) and the corresponding bond in
the parent acenaphthene, respectively. The large inner tor-
sion angle (q1=aC8a-C1-C2-C2a) in the acenaphthene
skeleton (18.1(2)8) is indicative of the twisted arrangement
of the substituents in 1a, although the out-of-plane devia-


tion of the naphthalene ring is marginal (180�ACHTUNGTRENNUNG(w, w’)=0.5,
�0.18). Thus, cross-clamping by adopting an acenaphthene
skeleton cannot completely prevent the twisted deformation
as in 2a2+ . All of the flanking bond lengths (d2 and d3 ; C1�
C(Ar) and C2�C(Ar): 1.509(3)–1.520(4) �) are similar to or
marginally longer than the standard value (Csp2�Csp3:
1.51 �). These results clearly show that the bond elongation
observed in the C1�C2 bond is mainly caused by steric fac-
tors although the p–s* through-bond interaction cannot be
completely ruled out (see below).


A single high-quality crystal of pyracene 1b was obtained
by recrystallization from a concentrated solution of 1b in
EtOAc. X-ray structural analysis at �180 8C gave precise
geometrical data with sufficient accuracy (estimated stan-
dard deviation (esd) <0.003 �),[19b] despite the fact that the
crystal contained four crystallographically independent mol-
ecules (Figure 3; Figures S9 and S10 in the Supporting Infor-


Figure 3. X-ray crystal structures of 1a, 1bE1, 1bT2, 1cE1, and 1cT2. Top: front view; bottom: side view (ORTEP representation with 50% probability). Hy-
drogen atoms are omitted for clarity. Two of four (E1, E2, T1, T2) crystallographically independent molecules are shown for 1b. Two of three (E1, T1,
T2) crystallographically independent molecules are shown for 1c. See Figures S9–S11 in the Supporting Information for X-ray crystal structures of 1bE2,
1bT1, and 1cT1.
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mation). They were classified into two categories: the
eclipsed conformers 1bE1 and 1bE2 (inner torsion angle q1=


�3.4(2) and 9.4(2)8, respectively), and the twisted conform-
ers 1bT1 and 1bT2. Despite the increased rigidity of the five-
membered ring fused with the acenaphthene unit, molecules
1bT1 and 1bT2 adopt a significantly twisted conformation
with inner torsion angles (q1) of 23.4(1) and 24.7(1)8, respec-
tively. This observation suggests that the eclipsed structure
becomes preferred to that in 1a by incorporating the rigid
pyracene skeleton in 1b, although the twisting deformation
could not be completely suppressed. The central C1�C2
bond lengths are 1.712(2) and 1.707(2) � in 1bT1 and 1bT2,
respectively, which are slightly longer than that in 1a with a
similar twisted conformation. Notably, the two spiroacridan
units in 1bE1 and 1bE2, which are almost eclipsed, suffer
from much more severe front strain, which must result in
the exceptionally large values of d1 (1.771(3) and 1.758(3) �
for 1bE1 and 1bE2, respectively). These values represent the
longest C�C bond length ever reported, as distinguished
from crystallographic artifacts. Despite their ultralong
nature, these bonds can be defined as ordinary covalent
bonds, as shown by the electron density (D) maps
(Figure 4). If we also consider the tetrahedral geometry for
carbon atoms joined by a long bond, the contribution from
the bond-dissociated diradical is negligible, at least in the
crystal at this temperature. Based on the flanking bond
lengths (d2 and d3 ; 1.503(2)–1.526(2) � for 1bE1 and 1bE2,
and 1.505(3)–1.533(3) � for 1bT1 and 1bT2), through-bond
coupling[8] is not a decisive reason for the observed bond
elongation. The scattering plots of d1 against q1 for the four
independent molecules show a negative correlation
(Figure 5), which indicates that the greater front strain be-
tween the two spiroacridan units in 1bE1 and 1bE2 is an im-
portant factor that accounts for further expansion of the
central C�C bond compared with 1bT1 and 1bT2.
Dihydropyracylene 1c forms a solvate crystal,


(1c)3·EtOAc·0.5hexane, that does not effloresce and was
sufficiently stable under the standard conditions for X-ray
data collection. This crystal contains three crystallographi-
cally independent molecules with different conformations,


as in the case of 1b (Figure 3; Figure S11 in the Supporting
Information). One is the eclipsed conformer 1cE1 with a
longer bond (d1=1.749(2) �; q1=5.5(2)8), and the other two
are the twisted conformers 1cT1 and 1cT2 with shorter bonds
(d1=1.726(2) and 1.721(2) �; q1=21.3(2) and 22.8(2)8, re-
spectively). Plots of d1 against q1 are located in nearly the
same region as those for 1b (Figure 5). The flanking bond
lengths (d2 and d3) are close to the standard value (1.509(3)–
1.528(2) � for 1cE1, and 1.508(2)–1.534(2) � for 1cT1 and
1cT2).


Table 2. Structural data of 1a–c determined by X-ray analyses.


1a[a] 1b[b] 1c[c]


E1 E2 T1 T2 E1 T1 T2


d1 [�] 1.696(3) 1.771(3) 1.758(3) 1.712(2) 1.707(2) 1.749(2) 1.726(2) 1.721(2)
d2 [�] 1.518(3)


1.520(3)
1.521(2)
1.523(2)


1.524(2)
1.526(2)


1.524(2)
1.533(2)


1.525(2)
1.533(3)


1.526(3)
1.528(2)


1.519(3)
1.520(3)


1.522(3)
1.534(2)


d3 [�] 1.509(3)
1.510(4)
1.512(3)
1.516(4)


1.503(2)
1.514(2)
1.514(3)
1.515(2)


1.510(2)
1.511(2)
1.511(2)
1.513(2)


1.508(2)
1.508(3)
1.522(2)
1.528(2)


1.505(3)
1.510(2)
1.527(2)
1.533(2)


1.509(3)
1.512(3)
1.518(3)
1.518(3)


1.508(2)
1.510(3)
1.518(2)
1.530(3)


1.514(3)
1.514(3)
1.515(3)
15(3)


d4 [�] 3.317(3) 3.200(2) 3.192(2) 3.299(2) 3.307(2) 3.159(2) 3.298(2) 3.255(2)
q1 [8] 18.1(2) �3.4(2) 9.4(2) 23.4(1) 24.7(1) 5.5(2) 21.3(2) 22.8(2)
q2, q2’ [8] 23.9(3)


26.0(3)
�3.7(2)
�6.3(2)


12.9(2)
14.5(2)


31.5(2)
32.1(2)


32.5(2)
34.3(2)


6.3(2)
9.0(2)


29.5(2)
30.2(2)


29.3(2)
30.4(2)


180� ACHTUNGTRENNUNG(w, w’) [8] 0.5(1)
�0.1(1)


0.59(8)
�1.02(7)


0.97(8)
�0.88(8)


1.93(7)
�0.69(6)


1.88(7)
�0.73(7)


0.2(1)
�0.31(8)


0.64(8)
�1.20(9)


1.76(9)
�1.02(9)


[a] At �120 8C. [b] At �180 8C. [c] At �130 8C.


Figure 4. Difference electron-density map (D map) around the ultralong
bond in pyracene 1bE1 measured at �180 8C. The contour interval is
0.05 e��3 with the solid lines as positive and the dotted lines as zero and
negative.
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Theoretical validation of ultralong bonds in 1a–c and de-
pendence of bond lengths on torsion angle : To validate the
ultralong bonds in 1a–c and to elucidate the origin of this
elongation, we performed theoretical calculations for 1a–c.
The geometric parameters in 1a–c calculated at the B3LYP/
6-31G* level are in good agreement with the experimental
data (Table 3; Table S2 in the Supporting Information), al-
though much longer lengths are predicted for the ultralong
C1�C2 bond lengths (d1=1.719, 1.776, and 1.786 � for 1a,
1b, and 1c, respectively). The twisted form was predicted to
be the lowest energy structure in 1a–c (q1=18.1, 16.4, and
16.48 for 1a, 1b, and 1c, respectively), however, the eclipsed
form (q1=08) is also an energy-minimized structure. The at-
tached dispirobis(10-methylacridan) units cause elongation


of the central C�C bond of the parent acenaphthene, pyra-
cene, and dihydropyracylene, and the degree of expansion
increases in the order 0.150, 0.191, and 0.200 � for 1a, 1b,
and 1c, respectively. These results indicate that a longer
bond is prone to expand more easily, which is consistent
with the assumption that “the effect of a perturbation on
the bond length is larger for an already elongated bond than
for a TnormalT bond”, as noted by the groups of Ōsawa[8c]


and von R. Schleyer.[8e]


Through-bond coupling,[8] that is, the mixing of “lone p”
or p orbitals through the intervening s skeleton, was previ-
ously proposed to be one of the possible origins of C�C
bond elongation. Orbital-coefficient contours of the HOMO
of 1a–c clearly demonstrate the participation of through-
bond coupling (Figure 6; Figure S12 in the Supporting Infor-
mation); the HOMO consists of ps–s orbitals, in which the
bonding s orbital of the long C�C bond is mixed with the ps


orbitals facing each other. The next low-lying orbital,
HOMO�1, consists of pa+s* orbitals, but the mixing of the
antibonding s* orbital seems almost negligible. These results
indicate that a filled–filled interaction makes a more impor-
tant contribution.[9a] When a (pa+s*)-type interaction is re-
sponsible for C�C bond elongation, the flanking bonds are
expected to be shortened. However, the calculated lengths
for the flanking bonds are in the range of 1.516–1.531 �,
and longer than the standard Csp2�Csp3 bond length
(1.51 �).[1] These results suggest that the orbital interaction
is more important in determining the electronic structures
of 1a–c than in affecting their geometrical features.
The negative correlation between the ultralong bond


length d1 and the torsion angle (e.g., q1=aC8a-C1-C2-C2a)
is a key observation that suggests that front strain is the
most important factor as the origin of the bond elongation


Figure 5. Scattering plots of d1 versus q1 (* for 1a, & for 1b, and ~ for
1c) from X-ray data (all of the conformational isomorphs of 1b,c are in-
cluded), and negative correlation in the scattering plots (* for 1a, & for
1b, and ~ for 1c) for various conformers of 1a–c optimized at a fixed tor-
sion angle at the B3LYP/6-31G* level.


Table 3. Structural data of 1a–c and related compounds calculated by
using the DFT technique (B3LYP/6-31G*).


Compounds q1 [8] d1 [�] DE [kcalmol�1][c]


acenaphthene 1a 0[a] 1.750 1.09
5[a] 1.741 1.01
10[a] 1.737 0.42
18.1[b] 1.719 –
23[a] 1.710 0.17


pyracene 1b 0[a] 1.817 0.78
5[a] 1.811 0.76
10[a] 1.799 0.28
16.4[b] 1.776 –
24[a] 1.752 0.48


dihydropyracylene 1c 0[a] 1.825 0.80
5[a] 1.819 0.77
10[a] 1.804 0.28
16.4[b] 1.786 –
23[a] 1.762 0.47


acenaphthene 0[b] 1.569 –
pyracene 0[b] 1.585 –
dihydropyracylene 0[b] 1.586 –


[a] Optimized with the fixed torsion angle. [b] Full optimization. [c] Rel-
ative energy based on the global-minimized structure.


Figure 6. HOMO (left) and HOMO�1 (right) of 1b calculated at the
B3LYP/6-31G* level.
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in HPE molecules 1a–c (Figure 5). Among the conforma-
tional isomorphs in the crystal of 1b, the longest bond (d1=


1.771(3) �) was found in 1bE1, which adopts the most
eclipsed conformation (q1=�3.4(2)8) with the greatest front
strain, whereas the most twisted conformer 1bT2 (q1=


24.7(1)8) with the least front strain exhibits the smallest
value for d1 (1.707(2) �). This is also the case for the confor-
mational isomorphs of 1c. In general, conformational iso-
morphs differ considerably in torsion angles, but not in bond
lengths, because the modification of bond lengths requires
much more energy than the modification of torsional an-
gles.[19b] Hence, the observed coexistence of isomorphs with
a different bond length in 1b,c suggests that the change in
the expansion of the C�C bond requires only a small energy
difference provided by adopting different packing arrange-
ments in the crystal (“expandability” of the ultralong C�C
bond).
To validate this explanation of bond elongation, we under-


took the structural optimization of 1a–c by fixing the torsion
angle at a variety of values from 0 to 248 (from an eclipsed
form to a twisted form) at the B3LYP/6-31G* level. Fig-
ures 5 and 7 show plots of the central C�C bond length and


relative energy against the inner torsion angle, respectively.
As expected, the central C�C bond elongates as the torsion
angle decreases (1.752 � at 248 to 1.817 � at 08 for 1b). In-
terestingly, the negative slopes in 1b,c are steeper than that
in 1a (Figure 5), which indicates that the elongated bonds of
1b,c can be further expanded by a smaller decrease in tor-
sion angle than in the case of 1a. Furthermore, each HPE
(1a–c) exhibits two energy minima at an inner torsion angle
of 0 and 16 to 188 (Figure 7), although the potential curve of
the eclipsed conformer (q=08) is rather shallow. Although
the twisted form is still the conformation with the lowest
energy as with other back-clamped HPE molecules, the
energy differences between the two conformers are very


small in 1a–c (DE=�1.09, �0.78, and �0.80 kcalmol�1 for
1a, 1b, and 1c, respectively). Thus, we confirmed that the
ultralong C�C bond in 1a–c can be further elongated by the
addition of as little as 1 kcalmol�1. Furthermore, for 1b,c
larger differences in bond length are predicted for the two
energy-minimized structures (Dd=0.041 and 0.039 � for 1b
and 1c, respectively) than for 1a (Dd=0.031 �), which is
consistent with the assumption that the elongated bond can
be further expanded by a small input of energy. Consequent-
ly, the longest bond in 1b must be caused by the larger front
strain due to the torsional constraint effect from additional
back-clamping, as well as by ring strain in the parent skele-
ton.


Attempted detection of bond-dissociated diradicals by using
ESR spectroscopy: In the following sections, we describe
the properties and reactivities of 1a–c that are related to fis-
sion of the extremely long bond. To obtain information on
the homolytic rupture of the extremely long bond of 1b to
generate the diradical 10bCC, we performed ESR measure-
ments using crystalline samples and a solution of 1b in ben-
zene. We anticipated that signals assignable to the triplet
state of 310bCC would be observed at a higher temperature
when the bond-dissociated species (110bCC) was present. No
signal was observed in solution. In the measurement using
polycrystalline samples sealed under an argon atmosphere,
only a single sharp resonance appeared at g=2.0042 at
room temperature, which was weakened when the tempera-
ture was raised to 120 8C. No other signals were observed.
When the sample was cooled, the signal became much
weaker. This irreversible temperature dependence suggests
that the observed signal is due to a thermally unstable im-
purity, such as an alkoxy radical (ROC) formed from 1b
upon contact with O2 before measurement. We observed no
evidence to indicate the presence of triplet diradical
310bCC,[37] although a contribution from the singlet diradical
110bCC could not be completely ruled out.


Redox properties of 1a–c and reversible interconversion
with 2a2+–2c2+ : As with other electron-donating HPE mole-
cules,[22, 23] the oxidation of 1a–c is accompanied by cleavage
of the long C�C bond (“dynamic redox” property). Thus,
the dication salt of 2a2+ was regenerated in a yield of 85%
upon treatment of 1a with two equivalents of [(4-
BrC6H4)3N]ACHTUNGTRENNUNG[SbCl6]. When constant-current electrolyses of
the redox pairs 1a,1b and 2a2+ ,2b2+ were followed by using


Figure 7. Scattering plots of relative energies DE versus q1 (* for 1a ; &


1b ; ~ for 1c) for various conformers of 1a–c optimized at a fixed torsion
angle at the B3LYP/6-31G* level. Global minimized structures were ob-
tained by means of full optimization.
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UV-visible spectroscopy, we found that these redox pairs
behave as electrochromic materials, which show reversible
interconversion with vivid color changes from colorless to
orange. The color change between 1c and 2c2+ is not as
clear owing to the presence of the yellow acenaphthylene
chromophore. The presence of several isosbestic points in
the spectra indicates that these pairs undergo clean electro-
chemical transformations with negligible steady-state con-
centrations of the intermediate cation radicals during two-
electron transfer. The very low concentrations of the open-
shell species is one of the characteristics of electrochromic
systems based on dynamic redox systems.
Voltammetric analysis revealed that HPE molecules 1a–c


exhibit very strong electron-donating properties. The oxida-
tion potentials of 1b,c are significantly lower than that of 1a
(Eox=++0.14 (irreversible) �0.25 (reversible), and �0.26 V
(reversible) for 1a, 1b, and 1c, respectively) (Table 4; Fig-
ure S13 in the Supporting Information). Such differences
can be accounted for by considering that the elongated C�C
bond has a higher s-orbital level. Thus, the orbital interac-
tion of the (ps–s)-type raises the HOMO level to a larger
degree in 1b,c than in 1a.


Reactivities of 1a–c toward Brønsted acids : Acenaphthene
1a is stable and remained intact in the presence of acetic
acid in CD3CN. However, it reacted slowly to generate di-
cation 2a2+ when two equivalents of trifluoroacetic acid or
p-toluenesulfonic acid were added (Scheme 4). As suggested
by GabbaL et al.,[20a] the acid-promoted fission might pro-
ceed, if possible, by means of the direct protonation of the
long C�C bond. However, in the argon-purged solvent,
transformation of 1a to 2a2+ did not occur under otherwise
similar conditions, which suggested that the molecular
oxygen plays an important role in the bond fission. Pyracene
1b was converted into dication 2b2+ upon treatment with
acetic acid in the aerated solvent in accordance with the
higher donating properties of 1b than 1a.
To prove the reaction mechanism, the time course was


followed by using NMR spectroscopy. Figure 8 shows the
spectral changes for the reaction of 1a with p-toluenesulfon-
ic acid. The intensity of the peaks for 1a decreased with an
increase in those of 2a2+ . The NMR spectroscopic investiga-
tion of the reaction of 1b gave similar results, although con-
siderable line broadening was observed in the middle of the
reaction course. During the conversion, no peaks assignable
to the C�H-bridged carbocations[38] 11a+ , 11b+ or 12a+ ,


12b+ were observed in the NMR spectra in both cases, de-
spite the fact that the bridged cations convert to the corre-
sponding dications much slower under similar conditions.
We concluded that molecular oxygen acts as an oxidant, and
conversion of HPE molecules 1a,b into the corresponding
dications 2a2+ , and 2b2+ proceeds via cationic radical spe-
cies (Scheme 4). Brønsted acids enhance the oxidizing abili-
ty of molecular oxygen by protonation of the anion radical
after electron transfer.[39] Although we observed fission of
the long bond by Brønsted acids as weak as acetic acid, such
reactivity is not directly related to the extreme bond length,


Table 4. Table of redox potentials[a] for 1a–c, 2a2+–2c2+ , and 9a,b+ .


Compounds Eox [V] Ered [V]


redox pair 1a/2a2+ +0.14 �0.07
redox pair 1b/2b2+ �0.25 �0.25
redox pair 1c/2c2+ �0.26 �0.26
monocation 9a+ – �0.57
monocation 9b+ – �0.59


[a] Measured in MeCN containing 0.1m Et4NClO4 (Pt electrode, scan
rate 100 mVs�1).


Scheme 4. Plausible reaction mechanism for the bond fission of 1a,b by
Brønsted acid.


Figure 8. Time course of the NMR spectral change upon treatment of 1a
with TsOH (5 equiv) in CD3CN at 20 8C at a) 0, b) 90, c) 200, and
d) 330 min after the addition of TsOH, and that of e) 11a+ prepared by
an alternative synthetic method, for comparison.[38]
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but is due to the strong donating properties of the mole-
cules, which are enhanced by the bond expansion through
the ps–s orbital interaction.


Conclusion


We have reported herein the synthesis and evaluation of
acenaphthene 1a as well as newly prepared pyracene 1b
and dihydropyracylene 1c derivatives that contain spiroacri-
dan units with enhanced geometrical features due to a fur-
ther increase in front strain by back-clamping of the substi-
tuted aryl rings in the HPE. These compounds each possess
one of the longest C�C single bonds ever reported
(1.696(3), up to 1.771(3), and up to 1.754(3) � for 1a, 1b,
and 1c, respectively). In particular, the central C�C bonds
in 1b and 1c are substantially elongated relative to 1a, due
to both the increased front strain caused by the additional
torsional constraint effect (additional back-clamping) and
the intrinsically wide separation between the peri positions
in the pyracene (1b) or the dihydropyracylene (1c) spacer.
The validity of these effects that cause bond elongation was
supported by theoretical calculations. Electrochemical oxi-
dation or acid-promoted oxidation in air induced fission of
the very long bonds in 1a–c to give 2a2+–2c2+ . However,
these compounds are rather stable in the presence of reduc-
ing reagents, which indicates that the ultralong bond itself is
not so fragile. As shown by the theoretical calculations, fur-
ther expansion of the long bond requires relatively small
amounts of energy. Further studies toward the design and
generation of new HPE molecules with much longer C�C
bonds are now in progress.


Experimental Section


General : 1H and 13C NMR spectra were recorded on a JEOL AL300 or
ECP-300 (1H: 300 MHz; 13C: 75 MHz) spectrometer at 23 8C. The chemi-
cal shifts of the 1H and 13C NMR signals are quoted relative to TMS in
CDCl3, or to the residual solvent in CD3CN, [D8]THF or C6D6. IR spectra
were taken on a JASCO model FTIR-230 infrared spectrophotometer.
Mass spectra were recorded on JEOL JMS-600H (EI, 70 eV); JMS-
AX500 or JEOL JMS-SX102A (FAB, 6 keV); and JMS-01SG-2 (FD)
spectrometers. Column chromatography was performed on silica gel I-6-
40 (YMC) of particle size 40–63 mm and standardized aluminum oxide 90
(Merck 63–200 mm). Melting points were measured on a Yamato MP-21
apparatus. Elemental analyses were taken on a Yanako MT-6 CHN
corder at the Center for Instrumental Analysis of Hokkaido University.
UV/Vis spectra were recorded on a Hitachi U-3500 spectrophotometer.
Fluorescence spectra were recorded on a Hitachi F-4500 spectrofluorom-
eter. ESR spectra were recorded on a JEOL JES-RE1XE X-band spec-
trometer. 9,9’-(Naphthalene-1,8-diyl)diacridine (3a),[38] 9,9’-(acenaph-
thene-5,6-diyl)diacridine (3b),[38] 9,9’-(acenaphthylene-5,6-diyl)diacridine
(3c),[38] 1,8-dibromonaphthalene (4a),[24] 5,6-dibromoacenaphthene
(4b),[25] 5,6-dibromoacenaphtylene (4c),[26] 9-trimethylstannylacridine
(5),[38] N-(2-methoxyethoxymethyl)-9-acridone (7),[30] and 10-methyl-9-[6-
(10-methylacridan-9-yl)acenaphthen-5-yl]acridinium triflate (11b-
ACHTUNGTRENNUNG[OTf])[38] were prepared following known procedures. All commercially
available compounds were used without further purification unless other-
wise indicated. Solvents were purified prior to use. Reactions were car-
ried out under an argon atmosphere unless otherwise indicated.


Compound 2a ACHTUNGTRENNUNG[OTf]2 : Methyl triflate (600 mL, 5.3 mmol) was added to a
mixture of diacridine 3a[38] (41.5 mg, 86 mmol) and 2,6-di-tert-butyl-4-
methylpyridine (23.4 mg, 114 mmol) in dry CH2Cl2 (2 mL). After stirring
for 22 h at 23 8C under argon, the mixture was diluted with diethyl ether
and the resulting precipitates were filtered and washed with diethyl ether
to give a mixture of 2a ACHTUNGTRENNUNG[OTf]2 and pyridinium triflate. This mixture was
recrystallized from acetonitrile/diethyl ether to give 2a ACHTUNGTRENNUNG[OTf]2 as orange
crystals that were large enough to be manually separated under a micro-
scope (56 mg, 80%) from the colorless crystals of the pyridinium salt.
M.p. 258–260 8C (decomp); 1H NMR (CD3CN): d=8.62 (dd, J=8.4,
1.2 Hz, 2H), 8.10 (ddd, J=9.4, 5.4, 1.7 Hz, 4H), 8.07 (dd, J=9.4, 2.1 Hz,
4H), 7.95 (dd, J=8.4, 7.0 Hz, 2H), 7.44 (dd, J=7.0, 1.2 Hz, 2H), 7.28
(dd, J=8.5, 1.7 Hz, 4H), 7.21 (ddd, J=8.5, 5.4, 2.1 Hz, 4H), 4.42 ppm (s,
6H); 13C NMR (CD3CN): d=161.27, 140.41, 140.00, 135.81, 133.18,
132.28, 132.16, 130.20, 129.73, 129.44, 127.24, 126.87, 119–117, 39.39 ppm;
IR (KBr): ñ =1610, 1551, 1264, 1221, 1143, 1027, 634 cm�1; LR- and
HRMS spectra are identical to those of 2a ACHTUNGTRENNUNG[SbCl6]2; elemental analysis
calcd (%) for C40H28N2O6F6S2: C 59.25, H 3.48, N 3.46; found: C 59.08, H
3.58, N 3.49.


Diacridinium species 2b ACHTUNGTRENNUNG[OTf]2 and 2c ACHTUNGTRENNUNG[OTf]2 were prepared in a similar
manner from 3b[38] and 3c,[38] respectively.


Compound 2bACHTUNGTRENNUNG[OTf]2 : Yield 96%; orange crystals; m.p. 188–192 8C
(decomp); 1H NMR (CD3CN): d=8.17 (brd, J=9.3 Hz, 4H), 8.04 (dd,
J=9.3, 6.6, 1.5 Hz, 4H), 7.77 (d, J=7.2 Hz, 2H), 7.44 (dd, J=8.7, 1.5 Hz,
4H), 7.43 (d, J=7.2 Hz, 2H), 7.22 (ddd, J=8.7, 6.6, 0.9 Hz, 4H), 4.50 (s,
6H), 3.79 ppm (s, 4H); 13C NMR (CD3CN): d =162.02, 152.11, 140.93,
140.20, 140.13, 133.93, 130.89, 130.6 (br), 129.09, 126.85, 125.09, 124.24,
121.29, 39.37, 31.35 ppm; IR (KBr): ñ=1605, 1579, 1548, 1284, 1263,
1251, 1224, 1152, 1029, 769, 755, 636 cm�1; UV/Vis (CH3CN): lmax (e)=


232 (76400), 253 (123000), 352 (15400), 426 nm (8000m
�1 cm�1); LRMS


(FAB): m/z (%): 538 (24) [M+], 523 (15), 307 (35), 289 (22); HRMS
(FAB): m/z calcd for C38H24N2: 538.2409; found: 538.2403; elemental
analysis calcd (%) for C42H30N2O6F6S2: C 60.28, H 3.61, N 3.35; found: C
59.71, H 3.80, N 3.84.


Compound 2c ACHTUNGTRENNUNG[OTf]2 : Yield 90%; orange crystals; m.p. 155–156 8C
(decomp); 1H NMR (CD3CN): d =8.17 (brd, J=9.4 Hz, 4H), 8.11 (d, J=


7.2 Hz, 2H), 8.06 (ddd, J=9.4, 6.6, 1.3 Hz, 4H), 7.50 (d, J=7.2 Hz, 2H),
7.50 (dd, J=8.5, 1.3 Hz, 4H), 7.49 (s, 2H), 7.22 (ddd, J=8.5, 6.6, 1.3 Hz,
4H), 4.51 ppm (s, 6H); 13C NMR (CD3CN): d =160.73, 143.84, 140.24,
140.09, 133.65, 132.44, 130.88, 130.33, 130.15, 129.88, 129.24, 127.79,
126.70, 125.74, 39.50 ppm; IR (KBr): ñ =3115, 1609, 1580, 1549, 1460,
1379, 1265, 1224, 1193, 1153, 1032, 874, 759, 636, 517 cm�1; UV/Vis
(CH3CN): lmax (e)=235 (73900), 253 (147000), 354 (20700), 426 nm
(11100m


�1 cm�1); LRMS (FAB): m/z (%): 685 (33), 537 (47), 536 (69)
[M+], 535 (40), 522 (45); HRMS (FAB): m/z calcd for C40H28N2:
536.2242; found: 536.2260; elemental analysis calcd (%) for
C42H28N2O6F6S2+CH3CN: C 60.34, H 3.57, N 4.80; found: C 60.15, H
3.68, N 4.56.


Compound 1a : Activated Zn powder (126 mg, 1.9 mmol) was added to a
suspension of 2a ACHTUNGTRENNUNG[OTf]2 (39.3 mg, 49 mmol) in dry Et3N/THF (3:10,
13 mL), and the mixture was stirred for 38 h at 23 8C. The mixture was di-
luted with water and extracted with EtOAc. The organic layer was
washed with brine and dried over Na2SO4. After filtration, an orange
solid was obtained by evaporation of the solvent and was subjected to
chromatography on Al2O3 eluting with CH2Cl2/n-hexane (1:1) to give 1a
as a white solid (24 mg, 95%). M.p. 265–266 8C (decomp); 1H NMR
ACHTUNGTRENNUNG(CDCl3): d=7.95 (dd, J=8.3, 0.6 Hz, 2H), 7.68 (dd, J=8.3, 6.9 Hz, 2H),
7.17 (dd, J=6.9, 0.6 Hz, 2H), 6.92 (ddd, J=8.3, 7.2, 1.4 Hz, 4H), 6.59
(dd, J=8.3, 0.8 Hz, 4H), 6.33 (ddd, J=7.8, 7.2, 0.8 Hz, 4H), 6.04 (dd, J=


7.8, 1.4 Hz, 4H), 3.08 ppm (s, 6H); 13C NMR (CDCl3): d=147.15, 141.16,
140.87, 130.29, 129.56, 129.06, 126.66, 126.43, 124.41, 123.82, 118.68,
110.36, 70.57, 32.96 ppm; IR (KBr): ñ=2924, 1590, 1474, 1358, 1274,
1133, 1055, 784, 747, 700 cm�1; UV/Vis (CH3CN): lmax (e)=215 (84500),
298 nm (24300m


�1 cm�1); LRMS (EI): m/z (%): 513 (41), 512 (100) [M+],
498 (41), 497 (97); HRMS (FAB): m/z calcd for C38H28N2: 512.2252;
found: 512.2250; elemental analysis calcd (%) for C38H28N2: C 88.68, H
5.88, N 5.44; found: C 88.97, H 5.68, N 5.41.
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Compound 1b : Activated Zn powder (479 mg, 7.3 mmol) was added to a
suspension of 2bACHTUNGTRENNUNG[OTf]2 (44.0 mg, 53 mmol) in dry Et3N/THF (3:10,
13 mL), and the mixture was stirred for 63 h at 23 8C. The mixture was di-
luted with water and extracted with CH2Cl2. The organic layer was
washed with brine and then dried over Na2SO4. After filtration, the
orange solid obtained by evaporation of the solvent was purified by re-
crystallization from EtOAc/n-hexane under an inert atmosphere to give
1b as pale yellow crystals (13.2 mg, 47%). M.p. 150–151 8C (decomp);
1H NMR ([D8]THF): d =7.43 (d, J=7.0 Hz, 2H), 7.01 (d, J=7.0 Hz, 2H),
6.83 (ddd, J=8.0, 7.4, 1.4 Hz, 4H), 6.55 (d, J=8.0 Hz, 4H), 6.24 (dd, J=


7.7, 7.4 Hz, 4H), 6.04 (dd, J=7.7, 1.4 Hz, 4H), 3.64–3.58 (m, 4H),
3.10 ppm (s, 6H); 13C NMR ([D8]THF): d=143.29, 142.92, 142.25, 140.67,
138.37, 130.21, 127.32, 127.27, 126.17, 122.61, 119.20, 111.23, 75.64, 33.30,
32.61 ppm; IR (KBr): ñ=2922, 2851, 1474, 1470, 1261, 1238, 1157, 1101,
1045, 803, 744 cm�1; LRMS (EI): m/z (%): 539 (42), 538 (77) [M+], 524
(53), 523 (100), 278 (27), 269 (44); HRMS (FAB): m/z calcd for
C40H30N2: 538.2409; found: 538.2412.


Compound 1c : Zn powder (187 mg, 2.9 mmol) was added to a suspension
of 2c ACHTUNGTRENNUNG[OTf]2 (43.3 mg, 52 mmol) in dry Et3N/CH2Cl2 (3:10, 26 mL), and
the mixture was stirred for 37 h at 23 8C. The mixture was diluted with
water and extracted with CH2Cl2. The organic layer was washed with
brine and dried over Na2SO4. After filtration, the orange solid obtained
by evaporation of the solvent was purified by recrystallization from
EtOAc/n-hexane under an inert atmosphere to give 1c as pale yellow
crystals (4.5 mg, 16%). M.p. 150–151 8C (decomp); 1H NMR (C6D6): d=


7.65 (d, J=7.0 Hz, 2H), 7.23–7.09 (m, 4H), 6.87 (d, J=6.7 Hz, 4H), 6.36–
6.26 (m, 12H), 2.62 ppm (s, 6H); 13C NMR (C6D6): d =148.52, 141.50,
137.24, 137.01, 130.12, 129.87, 129.14, 128.75, 128.32, 127.05, 126.70,
125.75, 119.32, 110.75, 76.31, 31.91 ppm; IR (KBr): ñ =2960, 2926, 2855,
2365, 2340, 1608, 1592, 1475, 1466, 1455, 1428, 1358, 1274, 1168, 1132,
1053, 868, 844, 747, 688, 652 cm�1; LRMS (EI): m/z (%): 537 (46), 536
(91) [M+], 522 (91), 521 (100); HRMS (EI): m/z calcd for C40H28N2:
536.2252; found: 536.2256.


Oxidation of HPE 1a to dication 2a ACHTUNGTRENNUNG[SbCl6]2 : [(4-BrC6H4)3N] ACHTUNGTRENNUNG[SbCl6]
(84 mg, 103 mmol) was added to a solution of 1a (24 mg, 46 mmol) in dry
CH2Cl2, and the mixture was stirred for 2.5 h at 23 8C under argon. The
resulting precipitates were filtered and washed with CH2Cl2 to give 2a-
ACHTUNGTRENNUNG[SbCl6]2 as an orange solid (47 mg, 86%). M.p. 255–258 8C (decomp);
1H NMR and 13C NMR spectra are identical to those of 2a ACHTUNGTRENNUNG[OTf]2; IR
(KBr): ñ =2924, 1590, 1474, 1358, 1274, 1133, 1055, 784, 747, 700 cm�1;
UV/Vis (CH3CN): lmax (e)=224 (76300), 253 (145000), 355 (17300),
427 nm (7200m


�1 cm�1); LRMS (FAB): m/z (%): 512 (100) [M+]; HRMS
(FAB): m/z calcd for C38H28N2: 512.2252; found: 512.2262; elemental
analysis calcd (%) for C38H28N2: C 88.68, H 5.88, N 5.44; found: C 88.97,
H 5.68, N 5.41.


Compound 8a : At �78 8C under argon, nBuLi in n-hexane (1.54m,
5.0 mL, 7.8 mmol) was added dropwise to a solution of 1-bromonaphtha-
lene (6a ; 1.0 mL, 7.1 mmol) in dry THF (20 mL). After 20 min, a solution
of N-(2-methoxyethoxymethyl)-9-acridone (7)[30] (1.20 g, 4.2 mmol) in dry
THF (30 mL) was added dropwise. The mixture was allowed to warm to
23 8C and was stirred for 23 h at this temperature. The mixture was dilut-
ed with water and extracted with CHCl3. The organic layer was washed
with brine. The yellow solid obtained by evaporation of the solvent was
dissolved in a mixture of EtOH and 2m aqueous HCl (1:1, 100 mL), and
the mixture was stirred for 15 h at 23 8C. The resulting solution was neu-
tralized with 2m aqueous NaOH and extracted with CH2Cl2. The com-
bined organic layer was washed with brine and dried over Na2SO4. After
filtration, the yellow solid obtained by evaporation of the solvent was
subjected to chromatography on silica gel eluting with CHCl3/Et3N
(100:1) to give 8a as a yellow solid (625 mg, 48%). M.p. 237.0–237.5 8C;
1H NMR (CDCl3): d =8.33 (d, J=8.8 Hz, 2H), 8.09 (d, J=8.3 Hz, 1H),
8.01 (d, J=8.3 Hz, 1H), 7.77 (ddd, J=8.8, 6.6, 1.1 Hz, 2H), 7.69 (dd, J=


8.3, 6.9 Hz, 1H), 7.50 (d, J=6.8 Hz, 1H), 7.49 (dd, J=8.3, 7.9 Hz, 1H),
7.44 (dd, J=8.8, 1.1 Hz, 2H), 7.32 (dd, J=8.8, 6.6 Hz, 2H), 7.23 (dd, J=


8.3, 7.9 Hz, 1H), 7.02 ppm (d, J=8.3 Hz, 1H); 13C NMR (CDCl3): d=


164.08, 160.98, 148.91, 148.74, 147.85, 145.35, 144.93, 144.15, 143.70,
143.59, 142.20, 141.91, 141.52, 141.34, 141.27, 141.00, 140.56 ppm; IR
(KBr): ñ=1558, 1545, 1515, 1506, 1461, 1436, 1391, 1011, 804, 798, 782,


768, 752, 619, 604 cm�1; UV/Vis (CH2Cl2): lmax (e)=281 (7700), 292
(5400, sh), 342 (6900, sh), 360 (11000), 385 nm (5900m


�1 cm�1); fluores-
cence (CH2Cl2, lex=360 nm): lmax=425 nm; LRMS (EI): m/z (%): 306
(45), 305 (100) [M+], 304 (66), 303 (37); HRMS (EI): m/z calcd for
C23H15N: 305.1204; found: 305.1208; elemental analysis calcd (%) for
C23H15N: C 90.46, H 4.95, N 4.59; found: C 90.21, H 5.01, N 4.57.


Acridine 8b was prepared in a similar manner from 5-bromoacenaph-
thene (6b).


Compound 8b : Yield 43%; yellow solid; m.p. 209.0–209.5 8C; 1H NMR
ACHTUNGTRENNUNG(CDCl3): d=8.32 (d, J=8.8 Hz, 2H), 7.77 (ddd, J=8.8, 6.6, 1.5 Hz, 2H),
7.54 (dd, J=8.8, 0.7 Hz, 2H), 7.50–7.45 (m, 2H), 7.32 (ddd, J=8.8, 6.6,
1.5 Hz, 2H), 7.26–7.20 (m, 2H), 3.57 ppm (s, 4H); 13C NMR (CDCl3): d=


148.87, 147.05, 146.26, 145.80, 139.23, 131.10, 130.26, 130.04, 129.63,
128.79, 128.53, 127.11, 126.09, 125.53, 120.99, 119.80, 118.93, 30.59,
30.36 ppm; IR (KBr): ñ=3054, 2916, 2836, 1607, 1514, 1011, 838, 756,
605 cm�1; UV/Vis (CH2Cl2): lmax (e)=254 (126000), 342 (7000, sh), 358
(11000), 386 nm (6800m


�1 cm�1); fluorescence (CH2Cl2, lex=360 nm):
lmax=458 nm; LRMS (EI): m/z (%): 332 (26), 331 (100) [M+], 330 (47),
328 (25); HRMS (EI): m/z calcd for C25H17N: 331.1361; found: 331.1361,
elemental analysis calcd (%) for C25H17N: C 90.60, H 5.17, N 4.23;
found: C 90.41, H 5.33, N 4.31.


Preparation of 9a ACHTUNGTRENNUNG[OTf]: Methyl triflate (2.0 mL, 17.7 mmol) was added
to a solution of 8a (625 mg, 2.0 mmol) in dry CH2Cl2 (10 mL). After stir-
ring for 13 h at 23 8C under argon, the mixture was diluted with diethyl
ether. The resulting precipitates were filtered and washed with diethyl
ether to give 9a ACHTUNGTRENNUNG[OTf] as an orange solid (693 mg, 72%). M.p. 226–228 8C
(decomp); 1H NMR: (CD3CN): d=8.64 (brd, J=9.3 Hz, 2H), 8.36 (ddd,
J=9.3, 6.3, 1.9 Hz, 2H), 8.30 (dd, J=8.3, 1.3 Hz, 1H), 8.15 (dd, J=8.1,
1.3 Hz, 1H), 7.83 (dd, J=8.3, 7.0 Hz, 1H), 7.77 (dd, J=8.8, 1.9 Hz, 2H),
7.72 (dd, J=8.8, 6.3 Hz, 2H), 7.61 (dd, J=7.0, 1.3 Hz, 1H), 7.59 (ddd, J=


8.1, 7.0, 0.7 Hz, 1H), 7.32 (ddd, J=8.4, 7.0, 1.3 Hz, 1H), 6.94 (dd, J=8.4,
0.7 Hz, 1H), 4.88 ppm (s, 3H); 13C NMR (CD3CN): d=161.82, 142.72,
139.85, 134.40, 132.93, 131.65, 131.51, 130.90, 129.67, 129.54, 128.96,
128.55, 127.98, 127.93, 126.38, 126.11, 119.61, 39.78 ppm; IR (KBr): ñ=


1610, 1581, 1551, 1272, 1222, 1160, 1030, 809, 781, 759, 636, 517 cm�1;
UV/Vis (CH3CN): lmax (e)=222 (85200), 261 (98300), 344 (8800, sh),
361 nm (19800m


�1 cm�1, sh); LRMS (FAB): m/z (%): 320 (93) [M+], 185
(95), 93 (100), 75 (56); HRMS (FAB): m/z calcd for C24H18N: 320.1434;
found: 320.1422; elemental analysis calcd (%) for C25H18NO3F3S: C
63.96, H 3.86, N 2.98; found: C 63.86, H 4.04, N 2.93.


Acridinium 9b ACHTUNGTRENNUNG[OTf] was prepared in a similar manner from 5-bromoace-
naphthene (8b).


Compound 9b ACHTUNGTRENNUNG[OTf]: Yield 73%; orange solid; m.p. 257–258 8C
(decomp); 1H NMR (CD3CN): d=8.64 (d, J=9.4 Hz, 2H), 8.36 (ddd, J=


9.4, 6.6, 1.6 Hz, 2H), 7.86 (ddd, J=8.6, 1.6, 0.7 Hz, 2H), 7.73 (ddd, J=


8.6, 6.6, 0.7 Hz, 2H), 7.64 (d, J=6.9 Hz, 1H), 7.55 (d, J=6.9 Hz, 1H),
7.41 (d, J=6.9 Hz, 1H), 7.32 (dd, J=8.4, 6.9 Hz, 1H), 6.68 (d, J=8.4 Hz,
1H), 4.87 (s, 3H), 3.61–3.55 ppm (m, 4H); 13C NMR (CD3CN): d=


162.15, 150.65, 148.03, 142.71, 139.83, 139.76, 131.59, 131.56, 131.00,
130.60, 128.77, 128.00, 126.79, 121.58, 120.65, 120.04, 119.60, 39.72,
31.13 ppm (2C); IR (KBr): ñ=3047, 2919, 1605, 1580, 1550, 1446, 1389,
1362, 1267, 1224, 1194, 1144, 1029, 843, 789, 767, 637, 572, 516 cm�1; UV/
Vis (CH3CN): lmax (e)=229 (66300), 260 (84000), 345 (8000, sh), 361
(17800), 423 nm (5100m


�1 cm�1); LRMS (FAB): m/z (%): 347 (77), 346
(100) [M+], 345 (28), 344 (32); HRMS (EI): m/z calcd for C26H20N:
346.1590; found: 346.1586; elemental analysis calcd (%) for
C27H20NO3F3S: C 65.45, H 4.07, N 2.83; found: C 65.37, H 4.23, N 2.78.


Bond fission of 1a,b by Brønsted acids : Brønsted acid was added to a so-
lution of 1 (0.40 mg, 0.78 mmol) in aerated CD3CN (0.6 mL) in an NMR
tube. The time course of the bond-fission reaction and consumption of 1
were monitored by using 1H NMR spectroscopy. In the case of 1a-TsOH,
conversion to 2a2+ was completed 330 min after addition. When the dea-
erated solvent was used, compound 1 remained intact without forming
22+ .


Redox potential measurements : Redox potentials (Eox and Ered) were
measured by using cyclic voltammetry with samples in dry MeCN con-
taining 0.1m Et4NClO4 as a supporting electrolyte. Ferrocene undergoes
one-electron oxidation at +0.38 V under the same conditions. All of the
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values shown in the text are in E [V] versus SCE measured at the scan
rate of 100 mVs�1. Platinum disk electrodes were used as the working
and counter electrodes. The working electrode was polished by using a
suspension of Al2O3 in water (0.05 mm) before use. The irreversible half-
wave potentials were estimated from the anodic peak potentials (Epa) as
Eox=Epa�0.03 or the cathodic peak potentials (Epc) as Ered=Epa+0.03.


Computational methods : The DFT calculations were performed with the
Gaussian 98 program package.[33] The geometries of the compounds were
optimized by using the B3LYP method[39] in combination with the 6-
31G* basis set without performing frequency calculations. The structural
optimizations for 1a–c were also carried out with the torsion angle fixed
at several values in the range of 0 to 248 (from an eclipsed form to a
twisted form) by using the keywords “Opt=ModRedundant” and “Con-
stants: R= (torsion angle)” at the B3LYP/6-31G* level.


X-ray analyses


General : The data were obtained by using a Rigaku Mercury charge-cou-
pled device (CCD) apparatus (MoKa radiation, l =0.71070 �). A numeri-
cal absorption correction (m) was applied. The structures were solved by
direct methods and refined by the full-matrix least-squares method on F2


with anisotropic temperature factors for non-hydrogen atoms. All the hy-
drogen atoms were located at the calculated positions and refined with
riding. The esd values of the bond lengths (C�C) and angles (a) are also
given.


Crystal data for 1a : Crystals were obtained by recrystallization from
CH2Cl2/hexane. C38H28N2; Mr=512.65; colorless prism; crystal size 0.20W
0.10W0.05 mm3; monoclinic; space group P21/n ; a=10.415(5), b=


18.582(8), c=13.744(6) �; b=102.120(10)8 ; V=2600.5(20) �3; Z=4; 1=


1.309 gcm�1; m =0.76 cm�1; 5676 reflections measured; 390 parameters;
5676 unique reflections (2qmax=558 ; T=153 K); direct method SIR92
used; R1=0.057 (I>2sI); wR2=0.146 (all data); esd ACHTUNGTRENNUNG(C�C) 0.003–
0.005 �; esd(a) 0.2–0.38 ; CCDC-651845.


Crystal data for 1b : Crystals were obtained by recrystallization from
EtOAc. C40H30N2; Mr=538.69; pale yellow block; crystal size 0.60W0.60W
0.35 mm3; triclinic; space group P1̄; a=17.699(3), b=18.111(3), c=


18.844(3) �; a =111.183(2), b =93.828(1), g=102.130(2)8 ; V=


5438.5(14) �3; Z=8; 1=1.316 gcm�1; m=0.76 cm�1; 23025 reflections
measured; 1633 parameters; 23025 unique reflections (2qmax=558 ; T=


93 K); direct method SIR92 used; R1=0.052 (I>2sI); wR2=0.120 (all
data); esd ACHTUNGTRENNUNG(C�C) 0.002–0.003 �; esd(a) 0.1–0.28 ; CCDC-651843.


Crystal data for (1c)3·EtOAc·0.5hexane : Crystals were obtained by re-
crystallization from EtOAc/hexane. (C40H28N2)3·C4H8O2·0.5 ACHTUNGTRENNUNG(C6H14); Mr=


1741.22; yellow block; crystal size 0.60W0.20W0.05 mm3; triclinic; space
group P1̄; a=16.327(2), b=16.582(3), c=17.190(3) �; a =103.212(3), b=


90.271(2), g=96.274(2)8 ; V=4501.3(12) �3; Z=2; 1=1.285 gcm�1; m=


0.76 cm�1; 19777 reflections measured; 1316 parameters; 19777 unique
reflections (2qmax=558 ; T=143 K); direct method SIR97 used; R1=


0.068 (I>2sI); wR2=0.149 (all data); esdACHTUNGTRENNUNG(C�C) 0.003–0.02 �; esd(a)
0.2–18 ; CCDC-632944.


Crystal data for 2a ACHTUNGTRENNUNG[OTf]2 : Crystals were obtained by recrystallization
from MeCN/diethyl ether. C38H28N2ACHTUNGTRENNUNG(CF3SO3)2; Mr=810.78; brown block;
crystal size 0.65W0.45W0.25 mm3; monoclinic; space group P21/n ; a=


17.602(4), b=10.715(2), c=19.766(4) �; b=112.712(3)8 ; V=


3439.0(12) �3; Z=4; 1 =1.566 gcm�1; m=2.42 cm�1; 7540 reflections
measured; 599 parameters; 7537 unique reflections (2qmax=558 ; T=


153 K); direct method SIR97 used; R1=0.045 (I>2sI); wR2=0.107 (all
data); esd ACHTUNGTRENNUNG(C�C) 0.001–0.003 �; esd(a) 0.08–0.28 ; CCDC-651844.


Crystal data for [2b]2 ACHTUNGTRENNUNG[OTf]4·MeCN : Crystals were obtained by recrystal-
lization from MeCN/diethyl ether. (C40H30N2)2 ACHTUNGTRENNUNG(CF3SO3)4·C2H3N; Mr=


1714.69; red platelet; crystal size 0.70W0.10W0.03 mm3; triclinic; space
group P1̄; a=12.0911(7), b=12.6996(7), c=14.9765(11) �; a=


69.925(13), b=67.336(11), g =64.697(12)8 ; V=1874.0(3) �3; Z=1; 1=


1.519 gcm�1; m =2.27 cm�1; 8000 reflections measured; 583 parameters;
8000 unique reflections (2qmax=558 ; T=153 K); direct method SIR97
used; R1=0.077 (I>2sI); wR2=0.227 (all data); esd ACHTUNGTRENNUNG(C�C) 0.002–
0.017 �; esd(a) 0.2–0.68 ; CCDC-632945.


Crystal data for 2c ACHTUNGTRENNUNG[OTf]2·MeCN : Crystals were obtained by recrystalliza-
tion from MeCN/diethyl ether. C40H28N2 ACHTUNGTRENNUNG(CF3SO3)2·C2H3N; Mr=875.86;


red block; crystal size 0.25W0.25W0.25 mm3; monoclinic; space group
P21/c ; a=13.273(3), b=19.666(4), c=14.832(3) �; b=93.159(5)8 ; V=


3865.6(14) �3; Z=4; 1 =1.505 gcm�1; m=2.23 cm�1; 8491 reflections
measured; 581 parameters; 8491 unique reflections (2qmax=558 ; T=


113 K); direct method SIR92 used; R1=0.065 (I>2sI); wR2=0.147 (all
data); esd ACHTUNGTRENNUNG(C�C) 0.002–0.008 �; esd(a) 0.2–0.68 ; CCDC-632946.


Crystal data for 3a : Crystals were obtained by recrystallization from
CHCl3/hexane. C36H22N2; Mr=482.58; colorless prism; crystal size 0.35W
0.15W0.03 mm3; orthorhombic; space group Pbcn ; a=15.457(4), b=


10.539(3), c=14.217(4) �; V=2316(1) �3; Z=4; 1=1.384 gcm�1; m=


0.81 cm�1; 2540 reflections measured; 184 parameters; 2540 unique re-
flections (2qmax=558 ; T=153 K); direct method SIR92 used; R1=0.056
(I>2sI); wR2=0.107 (all data); esdACHTUNGTRENNUNG(C�C) 0.002–0.004 �; esd(a) 0.1–
0.28 ; CCDC-651846.


Crystal data for 3b : Crystals were obtained by recrystallization from
CHCl3/EtOAc. C38H24N2; Mr=508.62; yellow block; crystal size 0.40W
0.25W0.15 mm3; triclinic; space group P1̄; a=9.0654(18), b=11.924(3),
c=12.355(2) �; a =77.092(11), b=70.684(11), g=86.428(14)8 ; V=


1228.4(5) �3; Z=2; 1=1.375 gcm�1; m=0.80 cm�1; 5212 reflections mea-
sured; 385 parameters; 5212 unique reflections (2qmax=558 ; T=153 K);
direct method SIR92 used; R1=0.075 (I>2sI); wR2=0.237 (all data);
esd ACHTUNGTRENNUNG(C�C) 0.002–0.003 �; esd(a) 0.16–0.28 ; CCDC-632947.


Crystal data for 3c : Crystals were obtained by recrystallization from
CHCl3/hexane. C38H22N2; Mr=506.61; yellow block; crystal size 0.20W
0.15W0.10 mm3; orthorhombic; space group Pbcn ; a=15.278(2), b=


11.6399(16), c=14.0311(19) �; V=2495.3(6) �3; Z=4; 1=1.348 gcm�1;
m=0.78 cm�1; 2755 reflections measured; 193 parameters; 2755 unique
reflections (2qmax=558 ; T=123 K); direct method SHELX97 used; R1=


0.054 (I>2sI); wR2=0.119 (all data); esd ACHTUNGTRENNUNG(C�C) 0.002–0.004 �; esd(a)
0.13–0.28 ; CCDC-632948.


CCDC-632944, 632945, 632946, 632947, 632948, 651843, 651844, 651845,
and 651846 contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Introduction


Complex molecular layers on surfaces with engineered ar-
chitectures and properties[1] are expected to play an impor-
tant role in the development of future devices at the nano-
scale.[2] In contrast with the three-dimensional crystal pack-
ing of molecules or tectons, which has been the focus of re-


search for many years,[3] surface and interface self-assem-
blies allow the addressing of individual units.[4,5] To control
the self-assembly process on the surface,[6] a detailed under-
standing of the molecule–surface and intermolecular interac-
tions involved is crucial. Their interplay can lead to a variety
of phases for the same coverage,[7,8] but the observed phases
can also depend on the surface coverage.[9] In the latter case,
several phases might coexist for a small coverage region,[10]


or a transition from one phase to the other occurs.[11]


Since the invention of STM in 1981, a significant number
of two-dimensional patterns at the solid–liquid and the
solid–vacuum interface has been reported.[12] Among them,
there are some striking examples of self-assemblies that are
guided, for example, by solvent interactions,[13] surface pre-
patterning,[14] molecular symmetry,[15] the use of elaborated
binding motifs as they are found in hydrogen bonding,[16] in-
teractions among polar groups,[17] metal complexation,[18] or
by exploiting the interactions of long alkyl chains with the
underlying substrate, especially on highly ordered pyrolytic
graphite (HOPG).[19]


Particularly interesting self-assemblies, in view of future
applications, are 1) molecular chains because of their poten-
tial to act as organic wires and 2) porous networks due to
their capability to recognize[20,21] and host molecular


Abstract: The self-assembly of three
porphyrin derivatives was studied in
detail on a CuACHTUNGTRENNUNG(111) substrate by means
of scanning tunneling microscopy
(STM). All derivatives have two 4-cya-
nophenyl substituents in diagonally op-
posed meso-positions of the porphyrin
core, but differ in the nature of the
other two meso-alkoxyphenyl substitu-
ents. At coverages below 0.8 monolay-
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chains, which evolve into nanoporous
networks at higher coverages. The
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into a nanoporous network without
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of the alkoxy substituents. All observed
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guests.[5,17,22] Previous work has shown that it is possible to
modify the pore dimensions of such networks by changing
the entire structure of the molecular building block.[8,23] So
far, however, no systematic study has focused on how the
variation of functional subunits attached to the same molec-
ular core influences the structures of self-assembled porous
layers on metal surfaces.
Molecules 1–3 (Scheme 1) investigated in the present


study are derived from the well-established tetrakis(meso-
phenyl)porphyrin core.[24,25] Their meso-(4-cyanophenyl)
groups were expected to undergo dipolar[26] and C�H···N�C
hydrogen-bonding interactions,[22] thereby providing the
main ordering and orienting ingredient for network forma-
tion on surfaces. Such structural motifs, assembled by inter-
molecular interactions between functional groups, have
been defined by Desiraju as “supramolecular synthons” and
used for the planning of supramolecular assemblies.[27, 28]


Supramolecular synthons composed of two or three 4-cyano-
phenyl groups had initially been observed in 3D crystals,[29]


and their linear dimeric and cyclic trimeric interaction
motifs (A and B in Scheme 2) have been found to enforce
the formation of distinct crystal lattices. Similar structural
motifs have also recently been introduced to form defined
supramolecular assemblies on surfaces.[4,17,20, 22,30] As a novel
feature, variable functional alkoxy subunits were introduced
in this work to further control the nature of the desired as-
semblies. The two (in 1) or four alkoxy groups (in 2 and 3)
have different spatial demands and undergo not only apolar
(mainly dispersion) interactions with each other, but can
also participate in polar interactions that stabilize the net-
works. Another important feature of the alkoxy residues is
their tendency to “condense” or exhibit fluidlike dynamic
behavior depending on the environmental conditions,[31] as is
well known from liquid crystals.[32]


Herein, we present a systematic study on the influence of
the different alkoxyphenyl substituents in porphyrins 1–3 on
the resulting supramolecular arrangements at the solid–
vacuum interface by using the concept of synthons for
supramolecular surface assemblies.[28] The architecture as


well as the temperature-activated mobility and correspond-
ing steric requirement of the alkoxyphenyl residues are
identified as the key parameters governing the resulting
structures, that is, one-dimensional molecular chains or two-
dimensional porous layers. Furthermore, we provide evi-
dence that advanced structural control is not only ensured
by the well-known supramolecular synthons A and B shown
in Scheme 2, but also that spatial requirements and apolar
as well as polar interactions of the alkoxyphenyl substituents
induce additional assembly modes (C and D in Scheme 2).


Scheme 1. Chemical structures of the three porphyrin derivatives 1–3 used in this study.


Scheme 2. Examples of supramolecular synthons formed by two (A) or
three (B) interacting 4-cyanophenyl groups, as well as those formed by
the interaction of the 4-cyanophenyl group with a 3,5-alkoxyphenyl
group (C and D).
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Results and Discussion


Appearance of the molecular compounds in STM images :
The selected molecular building blocks 1–3 (Scheme 1) were
sublimed onto a Cu ACHTUNGTRENNUNG(111) substrate at sub-monolayer cover-
ages. Consistent with earlier observations,[33] the influence of
the STM tip leads, for all three derivatives, mainly to two
different imaging modes in which either the p system pro-
vides the dominant contrast (“p-imaging mode”, Figure 1a
and c), or all parts of the molecule are equally visible (“full
imaging mode”, Figure 1b and d). In the p-imaging mode,


the porphyrin ring is imaged as two opposing lobes separat-
ed by a dark line. This appearance is caused by a saddle-
shaped deformation of the porphyrin ring induced by steric
hindrance between the pyrrolic hydrogen atoms (b-hydrogen
atoms) of the core and hydrogen atoms of the meso-phenyl
rings.[34] Consequently, two pyrrole rings are tilted upwards
and provide strong contrast in the STM images, whereas the
other two rings are tilted downwards and appear as a dark
line (Figure 1a). The four phenyl rings can be recognized as
four lobes in close vicinity to the porphyrin ring, each pro-
viding nearly the same contrast as the pyrrole rings that are
tilted upwards. These features allow for a precise identifica-
tion of an individual molecule even inside a network (see
the superimposed molecular structure in Figure 1a). The
mode of imaging (p- or full imaging mode) is not influenced
by the applied voltage. However, by using voltage pulses of


around 3.5 V and 50 ms, one can randomly switch between
imaging modes (see the Supporting Information). Hence, it
is plausible that the different modes are caused by subtle
changes of the tip, for example, caused by an adsorbate on
the tip apex, as also observed in other STM studies.[35]


Depending on the scanning conditions, sections of the
STM images may show a characteristic fuzzy signal regard-
less of the imaging mode (Figure 1e[36]). These streaks can
be related to parts of the molecules that move while being
passed by the scanning tip.[37] For the present systems, we at-
tribute this effect to the mobility of the alkoxy chains. The
streaks diminish with increasing proximity of tip and
sample. This can be associated with an increasing interaction
between the scanning tip and the alkoxy chains, which are
thereby pushed aside.[38]


Self-assembly at coverages <0.8 monolayer : For porphyrin
1, we observed self-assembly into a nanoporous, hexagonal
network with p3 symmetry even at coverages <0.05 ML
(ML=monolayer; Figure 4a, left), after the well-known ini-
tial decoration of the step edges.[39] This network exhibits
the same internal geometry as previously published porphy-
rin assemblies[22] and will be described in more detail in the
section on tailored nanoporous networks. In contrast, mole-
cules 2 and 3 form long chains with the same characteristics
for both derivatives after decorating the step edges and for
molecular coverages up to approximately 0.8 ML (Fig-
ure 2a). The chains nucleate either at one of the molecules
decorating the step edges or at a defect on a terrace and are
stable up to at least 200 K. At room temperature, the mole-
cules are observed in a 2D mobile phase.[40]


Within the chains of 2 and 3, single molecules can be
clearly identified (Figure 2b, top). The porphyrin core and
the phenyl rings appear as described above for the p-imag-
ing mode. The cyano groups are not resolved. The alkoxy
chains appear as one lobe each, situated above and below
the porphyrin ring and the 4-cyanophenyl substituents. No
significant difference in the appearance of molecules 2 and
3 was found in the STM images.
A closer analysis reveals that the chains exhibit mainly


two interconnecting modes for adjacent molecules. The first
one is a “straight” connection which simply elongates the
chain (circle a in Figure 2a). The second one leads to a
“kink” (circle b), which changes the direction of the chain,
mostly by approximately 30 degrees. Also, sections are
found in which a kink towards one side is immediately fol-
lowed by a kink towards the other side, leading to a zigzag
type, overall straight section (circle c).
Most probably, in a straight connection the cyano groups,


which are not visible in the STM images, are lying antiparal-
lel and interact through dipole–dipole interactions, and ben-
efit additionally from C�H···N�C interactions, as shown for
molecules 3 and 4 in Figure 2b, bottom.[41] This type of inter-
action corresponds to the dimeric supramolecular synthon A
in Scheme 2 and was theoretically described by Y. Okuno
et al. for a benzonitrile dimer on a AuACHTUNGTRENNUNG(111) surface[42] and is
also known in the gas phase[43] and in organic crystals.[44]


Figure 1. STM images showing different appearances of porphyrin deriva-
tive 1 on CuACHTUNGTRENNUNG(111) at coverages >0.8 ML (ML=monolayer). a) and b)
represent the parts of c) and d), respectively, that are enclosed by the
dashed rectangles. They show an individual molecule inside the network
of 1. Two different imaging modes could be observed depending on the
tip conditions: in a) and c) the p system of the molecules is pronounced
(c: 7.5O7.5 nm2, U=�0.8 V, I=16 pA), in b) and d) all parts of the mole-
cules provide equal contrast (d: 7.5O7.5 nm2, U=�1.3 V, I=24 pA).
e) An image of derivative 2 showing that mobile parts of the molecules
can lead to characteristic “streaks” in STM images (7.5O7.5 nm2, U=


�2.5 V, I=20 pA).[36]
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Sometimes, a small variation of this bonding motif can be
found, as seen for molecules 1 and 2 in Figure 2b, bottom.
Here, the molecules in a straight section are lying closer to-
gether and show a small vertical and lateral displacement.
Our calculations indicate that this arrangement benefits
from a weak C�N···H�C hydrogen bond between the cyano
group and the b-hydrogen atoms of the porphyrin ring, as
indicated by the molecular model in the lower part of Fig-
ure 2b.[41] Within the kinks, the dipole–dipole interaction is
weakened because the dipoles are not perfectly antiparallel
in such an arrangement (molecules 2 and 3 in Figure 2b,
bottom). Nevertheless, this loss in interaction energy may be
partially compensated by van der Waals interactions of the
alkoxy chains,[45] which are closer together than in the
straight sections.


Influence of the underlying Cu ACHTUNGTRENNUNG(111) surface on the porphy-
rin chain formation : In solution, a temperature dependent,
hindered rotation around the single bond connecting the


meso-aryl substituents to the porphyrin core is observed.[46]


After adsorption on the metal surface, however, the dihedral
angle between the meso-aryl and porphyrin planes is typical-
ly fixed in a position that depends on the interaction with
the substrate.[25] Consequently, two conformational isomers
corresponding to a positive or negative tilt angle of the al-
koxyphenyl substituents are observed upon adsorption. In
STM images, these can be distinguished by the relative ori-
entation (+45 or �458) of the characteristic diagonal dark
line with regard to the cyanophenyl substituents (cf. mole-
cules 2 and 3 in Figure 2b, top). The two conformational iso-
mers are found with equal probabilities for all three por-
phyrins studied herein, which is in agreement with earlier
observations.[47] Conformers exhibiting parallel rotation
around opposite aryl–porphyrin bonds have not been identi-
fied in our study. By analyzing STM images that exhibit
both good resolution of the adsorbed molecules and atomic
resolution of the substrate (Figure 2c), it becomes apparent
that the characteristic dark lines are also aligned with the
main atomic directions of the supporting substrate (green
star in Figure 2c) within an accuracy of �58. This observa-
tion, in combination with the two possible orientations of
the dark line with respect to the axis through the two cyano-
phenyl rings, can explain the changes in direction of 308
within a kink: Two different enantiomers, which are adja-
cent within a chain (as molecules 2 and 3 in Figure 2b, top)
and are aligned along different principal directions of the
threefold symmetric (111) substrate, exhibit a relative orien-
tation of (120�ACHTUNGTRENNUNG(2O45))8=308. In contrast, adjacent but iden-
tical enantiomers (as molecules 3 and 4 in Figure 2b, top),
which are aligned along the same principal directions, form
a straight connection. In the STM images, this is revealed by
the observation that in a straight connection two adjacent
molecules look like perfect copies of each other (with the
orientation of the dark lines), whereas in a kink they appear
as mirror images. Notably, this result shows that within the
chains an intermixing of the two different conformational
enantiomers occurs. For two-dimensional assemblies of simi-
lar porphyrin derivatives, long-range interactions that
extend beyond nearest neighbors have also been reported.[20]


However, no clear evidence for such interactions was found
here, since they should lead to a preferred arrangement with
either straight, curved, or zigzagged chain sections.


Branching of the porphyrin chains : Next to the two types of
intermolecular connection modes observed in linear chain
sections, three different types of branching arrangements
were observed (Figure 3). For the first one (Figure 3a), a
cyano group of one molecule undergoes favorable
C�N···H�C hydrogen bonding with a b-hydrogen atom of
the porphyrin core or a hydrogen atom in the meta position
to the nitrile group in a 4-cyanophenyl ring of an adjacent
molecule. This motif has been found for both molecules 2
and 3. In a second dimeric branching arrangement (Fig-
ure 3b), the 4-cyanophenyl group of one molecule forms a
C�N···H�C hydrogen bond with the C�H group ortho to
the two alkoxy substituents of one phenyl ring of a second


Figure 2. STM images showing the arrangements of porphyrins 2 (a and
b) and 3 (c) on Cu ACHTUNGTRENNUNG(111) at coverages <0.8 ML (see also the Supporting
Information). Both molecules arrange in chainlike structures and individ-
ual molecules can be clearly identified. a) STM image showing typical
chains formed by molecule 2 (41O41 nm2; U=�1.5 V, I=20 pA. The
color scale of the image was adjusted to provide good contrast at the ter-
races for highlighting the molecular features. A step edge, seen in the
image as a black line, runs vertically from top to bottom.). b) Top: A de-
tailed STM image (12O6 nm2; U=�1.6 V, I=11 pA) showing the main
types of connections between adjacent molecules in the molecular chains.
Bottom: A tentative model, generated with Spartan,[41] for the intermo-
lecular interactions within the chains. c) Simultaneous imaging (12.5O
25 nm2; U=++0.9 V, I=10 pA) of molecular chains of 3 and substrate
atoms of CuACHTUNGTRENNUNG(111). The orientation of the characteristic dark lines (see de-
scription in the main text) is marked by black lines, which allow for an
easy correlation with the principal directions of the substrate (green
star).
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molecule (cf. C in Scheme 2). This hydrogen bond benefits
from the substantial polarization of the C�Hd+ residue
ortho to two electronegative oxygen atoms. Secondary re-
pulsive N···O interactions[48] are minimized because the lone
pairs of the sp2-hybridized oxygen atoms point away from
the negatively polarized nitrogen atom of the C�N group.
This type of dimeric branching, which is again observed for
both molecules 2 and 3, clearly demonstrates that the intro-
duction of the alkoxy substituents enables new self-assem-
bling motifs, which could also be viewed as new supramolec-
ular synthons. A dimeric structure similar to C has already
been reported in crystal structures,[49] but is so far unknown
on the surface. The formation of a third association motif
(Figure 3c), a cyclic trimeric arrangement of cyanophenyl
moieties resembling the trimeric supramolecular synthon B
in Scheme 2, was observed exclusively for molecule 2.
Within this trimeric assembly, a cyanophenyl group of each
molecule acts as hydrogen-bond acceptor (C�N) towards
one and as a donor (C�H) towards the other partner, there-
by interconnecting three molecules with three hydrogen
bonds. Similar trimeric arrangements have been reported in
the literature for cyanophenyl derivatives in the gas
phase,[43] in two-dimensional assemblies,[22,30,42] and also in
3D crystal structures.[50]


Self-assembly at coverages >0.8 monolayer: Tailored nano-
porous networks : Above a coverage of approximately
0.8 ML, all three porphyrins 1–3 self-assemble into nanopo-
rous, hexagonal networks with p3 symmetry (Figure 4). We
were able to develop a tentative model for each of the three
networks, guided by the following aspects: First, we com-
pared the networks observed in the present study to a net-
work previously reported by our group, which is formed by
a similar porphyrin derivative.[22] Second, we took advantage
of the p-imaging mode, which allowed reliable identification
of single molecules inside the network. Finally, we related
the fuzzy parts observed in some STM images (see above)
with the alkoxy chains.


The nanoporous network
formed by compound 1, which
can be observed at all sub-
mono ACHTUNGTRENNUNGlayer coverages >0.05 ML
(we will refer to it as network 1;
Figure 4a, left), exhibits a pore-
to-pore distance of (30.9�
2.0) P. The unit cell contains
one pore and three molecules.
The model (Figure 4a, right) re-
veals that the pores are chiral.
Thus, in contrast with the case
of the chains formed by 2 and
3, in which an intermixing of
the two conformational enan-
tiomers was observed, for nano-
porous network 1 a separation
of the two conformational en-
antiomers occurs and conse-


quently two types of enantiomerically pure domains can be
found on the copper surface.[51] The pores are formed by the
alkoxy chains of six different molecules, each of which is
part of two neighboring pores. Through this, network 1 ben-
efits from dispersion interactions from the six alkoxy groups
converging into each pore. The network is furthermore sta-
bilized by a so far unknown trimeric supramolecular syn-
thon: the 4-cyanophenyl groups and b-hydrogen atoms of
three adjacent porphyrins form a cyclic arrangement with
three C�N···H�C hydrogen bonds (blue circle in Figure 4a).
In network 1 the alkoxyphenyl and cyanophenyl groups are
spatially separated from each other: the former reside in the
pores, whereas the latter are found inside the network.
Molecule 2 forms a network (network 2; Figure 4b, left)


with a pore-to-pore distance of (33.5�1.2) P, which is
slightly larger (about 8%) than that of network 1. Again,
the unit cell contains one pore and three molecules per unit
cell. According to the model (Figure 4b, right), the struc-
tures of network 2 and network 1 are similar: The pores are
chiral and surrounded by six molecules, in which each mole-
cule is shared by two pores. The alkoxy groups converge
into the pores, whereas the three cyanophenyl groups are in-
volved in a trimeric interaction motif. However, this time
the porphyrin core does not participate in the trimers, but
instead hydrogen bonding involves C�N and H�C moieties
from 4-cyanophenyl substituents of three adjacent porphyr-
ins (blue circle in Figure 4b). This interaction type is the
same as that found for the branching mechanism shown in
Figure 3c and resembles the trimeric supramolecular syn-
thon B in Scheme 2. The space required for this motif is
slightly higher than that for the similar trimeric arrangement
in network 1 (cf. the blue circles in Figure 4a and b), which
explains why the pore-to-pore distance in network 2 is
slightly larger than that in network 1.
Molecule 3, which differs from molecule 2 only by the in-


creased length of the alkoxy chains, forms a network (net-
work 3; Figure 4c, left) with a pore-to-pore distance of
(48.0�1.4) P, which is significantly larger than the distances


Figure 3. High-resolution STM images (6.4O6.4 nm2; U=�1.5 V, I=20 pA) of molecule 2 on Cu ACHTUNGTRENNUNG(111) showing
three different types of branching points for the molecular chains. Types a) and b) can be also found for mole-
cule 3. a) Branching by C�N···H�C hydrogen-bond formation between the cyano group of one molecule and
C�H groups on the porphyrin core and/or the 4-cyanophenyl substituent of another molecule. b) Branching by
a C�N···H�C hydrogen bond between the cyano group of one molecule and the C�H residue ortho to the
alkoxy substituents on the phenyl ring of another molecule. c) Branching induced by a trimeric cyanophenyl
array, such as that shown for the trimeric synthon B in Scheme 2.
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in network 1 and network 2 (by about 43 and 55%, respec-
tively). Remarkably, in this network the unit cell still con-
tains one pore, whereas the number of molecules enclosed is
doubled to six molecules. As a common characteristic, a
single pore is formed by six molecules (Figure 4c, right). But
unlike in the other two networks, each molecule belongs dis-
tinctly to one pore, which leads to the significantly larger
pore-to-pore distance. The mechanism for self-assembly is


truly remarkable, which shows the interplay of alkoxyphenyl
and cyanophenyl rings. An asymmetric trimeric motif (blue
circle in Figure 4c, cf. D in Scheme 2) forms in which one cy-
anophenyl substituent acts both as a hydrogen-bond donor
and as an acceptor. It forms a C�H···N�C hydrogen bond
with the cyanophenyl substituent of a second molecule of 3
and, additionally, interacts through its C�N group with the
positively polarized hydrogen of the C�H moiety ortho to
the two alkoxy substituents in the phenyl ring of a third
molecule of 3 (see also green rectangle in Figure 4c). The
latter interaction had already been observed in the branch-
ing mechanism shown in Figure 3b. A trimeric structure sim-
ilar to D has not yet been reported. Additional stabilizing
interaction motifs become apparent in network 3, caused by
the imperfect separation of the two synthons used: Two
(orange rectangle) or three (red circle) alkoxy chains, which
are found outside the pores, interact through van der Waals
dispersion forces, thereby further stabilizing the network.
The hereby formed “apolar pockets” (red circle) can hardly
be seen in the STM images.


Thermodynamic considerations for the formation of the
chains and networks : Self-assembled structures are formed
by reversible association of molecular building blocks, there-
by representing thermodynamic minima.[52] To explain the
phenomena described in this manuscript, one has to take
into account the different energy contributions guiding the
formation of networks and chains on the surface. First of all,
depending on the strength of the molecule–surface and in-
termolecular interactions, organic adsorbates on surfaces
tend to maximize the coverage (molecules per area) and
even a rearrangement into a new phase can be preferred
over a second layer arrangement.[40,53] Next, due to the con-
siderably weaker intermolecular interaction energies in the
supramolecular aggregates, when compared with covalent
bonding, the interplay of entropy and enthalpy is of much
higher importance here.[52] Finally, on threefold symmetric
surfaces, the 4-cyanophenyl group is known to favor a di-
meric arrangement with antiparallel dipoles or a cyclic
trimer (A and B in Scheme 2).[30,42] In this work, we addi-
tionally discovered two supramolecular synthons, which in-
volve interactions between both cyanophenyl and alkoxy-
phenyl substituents (C and D in Scheme 2). Due to the com-
plexity of the presented surface assemblies, accurate numeri-
cal calculations are not straightforward. However, the ob-
served structures have to correspond to an energetically
optimized interplay of the aforementioned contributions.
Network 1 (Figure 4a) features different remarkable char-


acteristics: although it is a porous phase, the fraction of cov-
ered surface area, as determined from STM images, is
ACHTUNGTRENNUNG>90%. A segregation of the less polar alkoxyphenyl sub-
stituents from the more polar cyanophenyl moieties is ob-
served. The alkoxy chains interact with each other in the
pores through van der Waals forces, whereas outside the
pores the cyano groups form energetically favored trimeric
hydrogen-bonding arrangements with the b-hydrogen atoms
of the porphyrin cores of adjacent molecules (blue circle in


Figure 4. Left: STM images (all 15O15 nm2; a) U=�1.3 V, I=24 pA; b)
U=�1.5 V, I=20 pA; c) U=�0.4 V, I=17 pA) of the nanoporous net-
works (network 1 (a), network 2 (b), and network 3 (c)) formed by por-
phyrins 1–3 at coverages close to one monolayer. The networks exhibit
different pore-to-pore distances d. Right: Tentative models of the three
networks. The filled gray circles indicate the positions of the pores. The
colored circles and rectangles indicate different bonding arrangements
stabilizing the network (see text for details). The pores in c) exhibit char-
acteristic streaks that indicate the mobility of the alkoxy chains.
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Figure 4a). Network 1 exhibits the densest structure ((0.36�
0.05) molecules per nm2) of the three investigated
(Figure 4).
For molecules 2 and 3, the formation of the network is


hindered by a restriction of the access of potential binding
partners to the hydrogen atoms of the pyrrole units and the
4-cyanophenyl rings. As a consequence, molecules 2 and 3
do not assemble into a network at low coverage, but instead
form chains through antiparallel dipole–dipole interactions.
By comparing this behavior to that of molecule 1, which
readily forms trimeric structures instead of the also possible
dimers even at low coverage, we conclude that without
steric hindrance by an additional substituent, for the 4-cya-
nophenyl group, the dipole–dipole interaction is energetical-
ly less favored than the formation of trimers through hydro-
gen bonding. This is in agreement with a calculation by
Okuno et al.[42] and was also observed for a different molec-
ular structure with similar substituents.[54]


With increasing number of molecules 2 and 3 on the sur-
face, the number of branches in the chains also rises (see
the Supporting Information). Because the branching motifs
of the chains can also be found in the networks, we assume
that the growth of the network originates from the branch-
ing points once a critical ratio between the number of mole-
cules and the free surface area is reached. In fact, STM
images reveal that the transition from the chains to the net-
works starts with the formation of single pores (see the Sup-
porting Information).
Similar to network 1, the alkoxy chains in network 2 (Fig-


ure 4b) are situated inside the pores and are thus separated
from the cyano groups. This arrangement is possible even
though the number of alkoxy chains per molecule of 2 in-
creased by a factor of two compared with 1. However, the
corresponding higher packing density inside the pores re-
stricts the mobility of the alkoxy chains. This results in a loss
of entropy that can be compensated for by increased van
der Waals interactions between the alkoxy chains.[55] The
cyano groups form the energetically favored trimeric
C�N···H�C hydrogen-bonded arrangement (blue circle in
Figure 4b). However, the b-hydrogen atoms of the porphyrin
core cannot act as hydrogen-bond donors, presumably be-
cause the increased steric demand of the alkoxy chains pre-
vents adjacent molecules from being as close as in the case
of network 1. Therefore, the cyano group forms a hydrogen
bond with the hydrogen atoms of the 4-cyanophenyl group.
This results in a larger pore-to-pore distance and a de-
creased density of network 2 ((0.31�0.02) molecules per
nm2) compared with network 1.
As described above, we assume that the formation of net-


work 3 nucleates from chain intersections that form a single
pore. However, it appears that the even higher steric
demand of the larger alkoxy chains of 3 in comparison with
2 does not allow for the formation of a 4-cyanophenyl-based
trimeric interaction motif, which is characteristic for net-
work 1 and network 2. In network 3 only two molecules as-
sociate through C�N···H�C hydrogen bonding. Tentatively,
this behavior can be explained by a lack of space for a third


molecule of 3 to participate in a symmetric trimeric arrange-
ment similar to those of network 1 and network 2. Instead, a
hydrogen bond is formed between the bis ACHTUNGTRENNUNG(alkoxy)phenyl
ring of the third molecule and a cyano acceptor group of the
other two molecules (cf. Figure 3b and D in Scheme 2). In
this new asymmetric configuration, the alkoxy chains do not
interfere with each other. The third molecule is then a start-
ing point for a second pore. Due to this uncommon asym-
metric assembly, half of the alkoxy chains of each molecule
are found outside the pores. This leads to an even stronger
restriction of their mobility, presumably amplified by an in-
creased interaction with the substrate, and a concomitant
loss of entropy, which becomes evident in the STM images
by the absence of streaks in the corresponding parts of the
network (Figure 4c, left) for those alkoxy chains situated
outside the pores (Figure 4c, right, red circle and orange rec-
tangle). As in network 1 and network 2, in network 3 the
alkoxy chains show a tendency to associate by forming
pores, in which they are still mobile, and additionally by
condensation outside the pores, thereby increasing the
amount of van der Waals interactions in the network. The
density of network 3 is (0.30�0.02) molecule per nm2, which
is comparable to that of network 2.


Conclusions


We have presented a systematic study on the influence of
different alkoxyphenyl substituents on the resulting surface
assemblies on a CuACHTUNGTRENNUNG(111) surface. By systematically varying
the steric bulk, we showed how an elaborated change in the
molecular architecture influences the resulting assembly on
CuACHTUNGTRENNUNG(111) at different surface coverages. Variation of the
alkoxy chains in size (chain length), number, and position
controls the dimensionality of the resulting structure, that is,
one-dimensional wires or two-dimensional porous networks,
as well as the pore-to-pore distance in the observed net-
works without significantly affecting the pore diameter.
The porphyrin-based building blocks (1–3) presented in


this study contain, in addition to the previously used 4-cya-
nophenyl rings, mono- (1) and dialkoxy-substituted (2 and
3) phenyl rings. These additional functional groups induce
new assembly motifs: besides the well-established dimeric
and trimeric supramolecular synthons involving the interac-
tion between two or three cyanophenyl groups (A and B in
Scheme 2), we observed in network 3 a new trimeric asym-
metric interaction motif (D in Scheme 2). Here, one of two
cyanophenyl groups of neighboring porphyrins forms a
C�N···H�C hydrogen bond with the polarized H�C residue
ortho to the electron-withdrawing alkoxy groups of a third
neighbor (cf. blue circle in Figure 4c). This hydrogen bond is
also clearly revealed in a similar, but dimeric arrangement
(C in Scheme 2), observed at branching points of the molec-
ular chains formed by 2 and 3 at low coverages (Figure 3b).
The different assemblies are discussed in terms of the


compensation of entropic losses, due to increased restriction
of the flexibility of the alkoxy chains with increasing size, by
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enthalpic interaction energies. This phenomenon is of gener-
al importance in the self-assembly of thermodynamically
controlled systems, such as the folding of biomolecules in a
cellular fluid.[56] It should be noted that for biomolecular
self-assembly, solvation processes considerably affect the
thermodynamics,[57] which is not the case for the dry, in
vacuo assemblies studied herein.
Future work aims to exploit other supramolecular syn-


thons known from supramolecular chemistry, directed to-
wards supramolecular surface assemblies. In particular, the
controlled change of the pore diameter, which might be pos-
sible by a sophisticated variation of the two different inter-
action groups (cyanophenyl and alkoxyphenyl) used in this
study would be the next step to build more complex, ad-
dressable supramolecular structures with well-defined prop-
erties far beyond the currently established toolbox.


Experimental section


Synthesis : Three different zinc porphyrin derivatives (1–3) were synthe-
sized by condensation of 5-(4-cyanophenyl)dipyrromethane with the cor-
responding alkoxybenzaldehydes and subsequent insertion of Zn2+ (see
the Supporting Information).[58]


Testing the thermal stability of molecules 1–3 during sublimation : Large
organic molecules often decompose under the conditions for ultra-high
vacuum (UHV) sublimation. To verify the thermal stability of molecules
1–3, sublimation tests were performed prior to the STM experiments at
10�5 mbar in a tailor-made sublimation apparatus, including a turbomo-
lecular vacuum pump and a liquid tin heating bath (see the Supporting
Information). In a typical experiment, the molecular compound (1 mg)
was sublimed at bath temperatures between 380 and 420 8C within 10–
30 min. 1H NMR spectroscopic and mass spectrometric analysis of the
sublimed compounds confirmed that porphyrin derivatives 1–3 sublime
without fragmentation or decomposition.


STM experiments : All experiments were performed in a two-chamber
UHV system (base pressure of 1O10�10 mbar). As a substrate for the mo-
lecular films, a (111)-oriented Cu single-crystal was used, which was
cleaned by cycles of sputtering with Ar+ ions and subsequent annealing
at 800 K. By this procedure, flat terraces of about 100 nm in width sepa-
rated by monoatomic steps are obtained. The molecular compounds were
deposited by thermal evaporation from a commercial Knudsen-cell-type
evaporator[59] onto the Cu substrate held at room temperature. In this
study, the surface coverage is defined by the fraction of the surface area
occupied by the deposited molecules. This can be directly determined
from STM images due to the lack of a coexisting phase or a gas phase.
All STM measurements were done at a sample temperature between 77
and 200 K. Temperatures >77 K were reached by PID controlled coun-
ter-heating of the sample.
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Highly Effective and Reversible Control of the Rocking Rates of Rotaxanes
by Changes to the Size of Stimulus-Responsive Ring ACHTUNGTRENNUNGComponents


Keiji Hirose,* Kazuaki Ishibashi, Yoshinobu Shiba, Yasuko Doi, and Yoshito Tobe[a]


Introduction


Rotaxanes[1] are thought to be prime candidates for the con-
struction of artificial molecular machines[2] and fabrication
of molecular electronic devices,[3] since the ring and dumb-
bell components of rotaxanes are capable of exchanging the
position of one component relative to that of the other
through motions, such as shuttling[4] (linear motion), circum-
rotation[5] (rotary motion), and rocking[6] (pendular motion).
These motions can, in principle, be controlled by external
impetus, such as chemical,[7] electrical,[8] or photochemical[9]


stimuli. Of these motions, shuttling motions have been most
extensively studied for their applications in molecular devi-
ces. In contrast with controlling the relative position of the
ring component by the shuttling motion, control of its rock-
ing mobility (oscillation frequency) has not been studied.[10]


If a ring component of a rotaxane has a large dipole
moment and its direction or oscillation frequency is con-
trolled, then the rotaxane can be applied to switching devi-
ces on a molecular scale. For example, it is reported that the
efficiency of photoinduced electron transfer is changed sub-


stantially by changing the direction of the dipole moment of
helical peptides immobilized on a substrate.[11] The tunneling
current between an STM tip and an AuACHTUNGTRENNUNG(111) substrate has
been shown to oscillate in response to the rotation of a di-
polar 9,9,10,10-tetrafluoro-9,10-dihydrophenanthrene rotor
unit of a molecular machine placed under the tip.[12]


A hypothetical scheme for an impetus-responsive dipole-
switching system based on the rocking motion of a rotaxane
is shown in Scheme 1. The ring component in the rotaxane
possesses a dipolar unit that undergoes pendular motion.
When the dipolar moiety flips rapidly, the net dipole
moment would be negligible (Scheme 1, situation A). By ap-
plying an external electric (E) or magnetic field (H) to this
system (Scheme 1, process a), the rocking motion can be
stopped or decelerated owing to the interaction of the
dipole with the external field (Scheme 1, situation B).[12] At
this stage, if the size of the ring component is contracted by
an external stimulus (Scheme 1, process b),[13] the rocking
motion would be frozen because of increased steric hin-
drance between the ring and axle components, thereby lock-
ing the dipole moment (Scheme 1, situation C). As a first
step in constructing such switching systems, we report herein
the reversible and effective switching of the rocking fre-
quency of rotaxanes in response to physical stimuli.


Results and Discussion


Design of rotaxanes : The structures of rotaxanes 1a,b and
2a,b are shown Scheme 2. We planned to switch the rates of


Abstract: We have designed and syn-
thesized rotaxanes whose rates of rock-
ing motion (pendular motion) were
switched reversibly through changes to
the size of the ring component in re-
sponse to external stimuli. The ring
molecules of the rotaxanes incorporate
a metaphenylene unit, which swings
like a pendulum, and a dianthrylethane


unit, which undergoes reversible iso-
merization in response to photo- and
thermal stimuli and changes the size of
the ring component. The rocking rates


were estimated quantitatively by vari-
ACHTUNGTRENNUNGable-temperature (VT) NMR spectros-
copy and saturation transfer experi-
ments, which revealed substantial
changes in the rates between the open
and closed forms, particularly in the
case of rotaxanes with an isopropoxy
group attached to a phenylene unit.
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the rocking motion of the metaphenylene unit by changing
the size of the ring component. We expected that the barrier
to the pseudorotation of the phenylene moiety would
change between the open (1a,b) and closed forms (2a,b) of
the rotaxanes. To induce an appropriate steric barrier for
switching the rocking frequencies between the open and
closed forms, a methoxy or an isopropoxy group was at-
tached at the para position of the bromometaphenylene


unit. Because it is well known
that diACHTUNGTRENNUNGanthrylethane derivatives
undergo reversible photodime-
rization and the thermal reverse
reaction quantitatively,[14] the
size of the ring molecules can
be changed by employing this
protocol. Indeed, we have pre-
viously demonstrated switching
of the rates of slipping/deslip-
ping and shuttling motions by
using a size-variable ring com-
ponent.[15] A dibenzyl ammoni-
um cation was used as the sta-
tion that interacts more strong-
ly with the closed form of the
ring molecule than the open
form. Finally, a 3,5-bis(triiso-
propylsilyl)phenyl group was
employed as the stopper com-
ponent because it is bulky
enough to prevent dethreading
of the axle in the open form.[16]


Preparation of rotaxanes 1a,b :
The synthetic route for the
preparation of rotaxanes 1a,b is
shown in Scheme 3. In accord-
ance with the literature,[17] 2,6-
bis(bromomethyl)-4-bromoani-
sole (5a) was prepared from 4-
bromophenol. The correspond-
ing isopropyl derivative (5b)
was prepared by using a similar
procedure with 3 as the starting
material, as shown in Scheme 3.
Condensation of these halides
(5a,b) with triethylene glycol
(2 equiv) in the presence of
NaOH gave 6a,b and subse-
quent tosylation gave 7a,b. On
the other hand, 1,2-bis ACHTUNGTRENNUNG[10-(tri-
methylsiloxyl)-9-anthryl]ethane
(8),[18] which was obtained from
the corresponding diol by using
N,O-bis(trimethylsilyl)aceta-
mide (BSA), was deprotected
in situ and coupled with ditosyl-
ACHTUNGTRENNUNGates 7a,b under high-dilution


conditions to provide crown ethers 9a,b, in yields of 18 and
14% from 5a,b, respectively.


By photoirradiation of solutions of 9a,b in benzene with a
high-pressure mercury lamp, the corresponding closed forms
(10a,b) were formed. After the solvent was changed to a
mixture of dichloromethane and acetonitrile (10:1), pseudor-
otaxanes 12a,b were formed by complexation of 10a,b with
secondary ammonium salt 11[16] at �10 8C. The acylation


Scheme 1. Schematic model of the switching system using rocking motion. a) Application of an external elec-
tric (E) or magnetic field (H) results in alignment of the dipolar unit with the field. b) The ring moiety con-
tracts to reduce the size of the ring, and thereby the rocking motion in the absence of the external field is
fixed. Red arrow: dipolar moiety in the ring component.


Scheme 2. Switching of the rocking rates (k) of rotaxanes 1a,b and 2a,b based on the change in the size of the
ring component.
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capping reaction[19] of 12a,b with anhydride 13[16] catalyzed
by nBu3P afforded the corresponding rotaxanes 2a,b, which
then reverted to open-form rotaxanes 1a,b during the
workup and isolation procedures. The yields of rotaxanes
1a,b from crown ethers 9a,b (4 steps) were 46 and 50%, re-
spectively.


Interconversion between open and closed crown ethers : The
photoisomerization of the open ring molecule (9a) to the
corresponding closed form (10a) proceeded quantitatively.
A solution of 9a in CD3CN was placed in a Pyrex NMR
tube and degassed by bubbling with dry argon, before subse-
quent irradiation with a 500 W high-pressure mercury lamp
for 30 min in a water bath. After the photoirradiation proce-
dure, the solution was kept below 273 K to avoid significant
thermal conversion back to 9a. In the 1H NMR spectra, a
sharp singlet signal assigned to the benzylic protons (Ha) of
the anthracene unit of 9a at d=4.10 ppm disappeared and a
singlet signal assigned to the aliphatic protons of 10a ap-
peared at d=2.95 ppm after irradiation as shown in
Figure 1. In the aromatic region, the characteristic anthra-
cene signals at d=8.12 and 7.55 ppm (He and Hb, respective-
ly) shifted to d=7.23 and 7.10 ppm, respectively, after irradi-
ation. When the NMR sample of 10a was left at room tem-
perature overnight, the spectrum of 10a reverted to that of
9a, which implied that the thermal conversion of 10a to 9a
proceeded quantitatively. Reversible transformations of iso-
propyl derivatives 9b and 10b were also observed as shown
in Figure 2.


Interconversion between open and closed forms of the ro-
taxanes : The photochemical ring closure and the thermal
conversion of the anthracene units took place reversibly be-
tween open-form rotaxanes 1a,b and closed forms 2a,b, re-
spectively. As shown in Figure 3, the photoreaction of rotax-
ane 1a in [D8]THF was monitored by 1H NMR spectroscopy
in a similar manner to that used for ring molecules 9a,b.


Scheme 3. Syntheses of ring molecules 9a,b and rotaxanes 1a,b. TsCl= tosyl chloride.


Figure 1. Partial 1H NMR spectra (270 MHz, CD3CN, 273 K) of 9a (top)
and 10a (bottom). The assignments of the protons refer to those indicat-
ed in Scheme 3.
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Upon irradiation, the singlet peak at d=4.12 ppm as-
signed to the ethylene protons (Ha) of the dianthrylethane
unit of 1a disappeared and a characteristic signal of the cy-
clobutane protons of 2a appeared at d=2.94 ppm, which in-
dicated that ring closure proceeded efficiently. In contrast
with the photoisomerization of crown ether 9a, the signal of
the benzyl protons of the ring component (Hf) shifted down-
field and appeared as a broad singlet (from d=4.31 to
4.64 ppm). The signals assigned to the protons of the termi-
nal part of the axle component (Hl, Hk) did not shift signifi-
cantly by photoisomerization (from d=8.27 and 5.45 ppm to
8.25 and 5.48 ppm, respectively), as shown in Figure 3.
These results indicate that ring contraction did not signifi-
cantly affect the magnetic environment of the terminal part
of the axle component. The spectrum of 2a reverted to that
of 1a when the NMR sample of 2a was left at room temper-


ature overnight; this implied that the thermal conversion of
2a to 1a also proceeded quantitatively.


The reversible transformation of isopropyl derivatives 1b
and 2b was also observed, as shown in Figure 4. In contrast
with the photoisomerization of rotaxane 1a, photoirradia-


tion of corresponding isopropyl rotaxane 1b gave rise to ad-
ditional differences in the appearance of the 1H NMR spec-
tra. For example, the signals assigned to the protons of the
axle component of 2b appeared as a pairs of singlets (Hl:
d=8.26 and 8.24 ppm, Hk: 5.51 and 5.45 ppm). Moreover,
the benzylic protons (Hf) of the ring component appeared
as a double doublet at d=4.97 and 4.37 ppm. These results
indicate that the rate of the rocking motion of isopropyl de-
rivative 2b is slower than the NMR timescale.


Rates of thermal conversions of crown ethers 10a,b and ro-
taxanes 2a,b : The thermal conversion of closed forms 10a,
10b, 2a, and 2b into the corresponding open forms 9a, 9b,
1a, and 1b, respectively, gave rise to remarkable spectral
changes in the UV-visible spectra in CH3CN (Figure 5).
Based on the increase in the absorbance at l=383 nm, the
first-order rate constants of the thermal conversion were de-
termined. The rate constants of the thermal conversions of
10a, 10b, 2a, and 2b at 303 K were 1.36J10�3, 1.33J10�3,
4.97J10�4, and 2.85J10�4 s�1, respectively (the correspond-
ing half-lives were 9, 9, 23, and 41 min). As shown in
Table 1, the rates of conversion of 2a,b were slower than
those of the corresponding crown ethers 10a,b. These results
indicate that the closed-form rotaxanes 2a,b are more stabi-
lized than crown ethers 10a,b by the ion–dipole interactions
between the crown ether ring and the secondary ammonium
ion. In addition, it should be noted that the rates for 10a
and 10b were almost identical, whereas that of 2b was twice


Figure 2. Partial 1H NMR spectra (270 MHz, CD3CN, 273 K) of 9b (top)
and 10b (bottom). The assignments of the protons refer to those indicat-
ed in Scheme 3.


Figure 3. Partial 1H NMR spectra (270 MHz, [D8]THF, 273 K) of 1a (top)
and 2a (bottom). The assignments of the protons refer to those indicated
in Scheme 2.


Figure 4. Partial 1H NMR spectra (270 MHz, [D8]THF, 273 K) of 1b
(top) and 2b (bottom). The assignments of the protons refer to those in-
dicated in Scheme 2.
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as large as that of 2a in spite of the greater steric hindrance
in 2b. This result suggests that the ion–dipole interactions in
2b are stronger than those in 2a owing to the stronger basic-
ity of the isopropoxy group than that of the methoxy
group.[20]


Complexation constants of
crown ethers 10a,b with bis(3,5-
dimethylbenzyl)ammonium
hexafluorophosphate (14): The
relative strength of the ion–
dipole interactions of closed-
form crown ethers 10a,b with a
secondary ammonium ion were
estimated by determining their
complexation constants with


bis(3,5-dimethylbenzyl)ammo-
nium hexafluorophosphate (14)
by using 1H NMR spectroscopy
in a mixture of CD2Cl2/CD3CN
(2:1), as shown in Scheme 4.
Because of the lability of the
closed form of the ring mole-
cules, the titration method
could not be used. Instead, the
complexation constants were
determined by the relative inte-
gration of the signals of the free
and complexed ring compo-
nents in the 1H NMR spectra.
Slightly bulky 14 was employed
as a guest molecule because the
slipping/deslipping rates be-
tween 10a,b and 14 were slow
enough to observe the respec-
tive signals of the compo-
nents.[20] As a result, compound
10b, which has an isopropoxy
substituent, exhibits complexa-
tion constants that are about
five times larger than those of
10a, which has a methoxy sub-
stituent.[21] This result is consis-
tent with the observed rate re-
duction of the thermal conver-
sion of closed-form rotaxanes
2a,b (Table 2).


Evaluation of the rates of rocking motions : The rates of the
rocking motions of 1b and 2b were determined by line-
shape analysis of their variable-temperature (VT) NMR
spectra in [D8]THF. Figure 6a shows partial experimental
1H NMR spectra of Hk on the axle component of 1b be-
tween 178 and 188 K and the simulated spectra assuming
the rate constants shown. Similarly, the rates of rocking of
2a were estimated on the basis of the line-shape analysis[22]


of the VT-NMR spectra for Hf as shown in Figure 6b. The
kinetic parameters were determined from the Eyring plots
and are listed in Table 3.


In contrast with 1b, the room temperature spectrum of 1a
indicates that the rocking motion of the phenylene unit is


Figure 5. UV/Vis absorption spectra (in CH3CN, �0.1m, 303 K) of a) 10a, b) 10b, c) 2a, and d) 2b. UV spectra
were measured at intervals of four minutes. The top spectrum in each graph was measured when the thermal
conversion was completed.


Table 1. Reverse rate constants and half-lives of 10a,b and 2a,b.[a]


k [10�5 s�1] t1/2 [min]
T=283 [K] T=303 [K] T=283 [K] T=303 [K]


10a 9.50 136 121 9
10b 9.33 133 124 9
2a 3.00 49.7 385 23
2b 1.47 28.5 784 41


[a] Reactions performed in CH3CN.


Scheme 4. Complexation process of 10a,b with 14 (CD2Cl2/CD3CN 2:1).
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rapid on the NMR timescale and the spectrum did not
change even when the solution was cooled to 165 K. There-
fore, the minimum rate of rocking (k303) of 1a was estimated
to be 4.0J104 s�1 by assuming that the rocking frequency of
1a at the coalescence temperature is same as that of 1b, and
that the temperature dependence of their rocking frequen-
cies is also identical. In contrast, the 1H NMR spectrum of
2b at 273 K indicates that the rocking motion is slow on the
NMR timescale. In contrast with 2a, coalescence of the sig-


nals, however, was not observed when the temperature was
elevated to 303 K, which indicated that the rocking rate of
2b is much slower than that of 2a.


The rate of rocking of closed-form rotaxane 2b was also
estimated by saturation transfer experiments.[23] The satura-
tion transfer experiment indicated that the rocking rate
(k303) of 2b was slower than 3.5 s�1. Table 3 summarizes the
kinetic parameters and the rocking frequencies at 303 K of
rotaxanes 1a,b and 2a,b.[24]


For rotaxanes 1a and 2a with a methoxy substituent, the
rate of rocking of open-form 1a (k303>4.0J104 s�1) should
be at least four times faster than that of closed-form 2a
(k303=1.0J104 s�1). On the other hand, for rotaxanes 1b and
2b, which contain the isopropoxy substituent, the difference
between the rocking rates should be more than 103 times
(1b : k303=8.9J103 s�1, 2b : k303<3.5 s�1). These results clear-
ly demonstrate that the rocking rate is switched by the ex-
ternal stimuli. Moreover, the remarkable difference ob-
served in the ratio of the rocking frequencies between the
open and closed forms of the rotaxanes (1a/2a vs. 1b/2b) is
ascribed to the small rocking rate of 2b (Table 3). The
reason for the slow rocking rate can be attributed to the de-
stabilization of the transition state for rocking due to large
steric hindrance of the bulkier isopropoxy substituent. On
the other hand, it can also be attributed to the stabilization
of the ground state because the crown ether unit of 2b with
an isopropoxy substituent has a larger interaction with the
secondary ammonium cation than that of 1b with a methoxy
substituent due to the stronger electron-donating ability of
the isopropyl group. These two effects may contribute to in-
crease the activation energy of the rocking motion of 2b,
thereby decelerating the rocking rate substantially.


Conclusion


We synthesized rotaxanes with a dianthrylethane moiety in
the ring unit, of which the ring size was changed reversibly
by photochemical cycloaddition and thermal interconver-
sion. The rates of the rocking motion of the rotaxanes were
determined on the basis of NMR spectroscopy experiments.
Fair to substantial differences between the rocking rates of
the open and closed forms of the rotaxanes were observed,
and demonstrated that the rocking motions were switched
by the external stimuli. Moreover, it was found that the dif-
ference of the rocking frequencies between the open and
closed forms of the rotaxanes varies considerably depending
on the steric and electronic properties of the substituent at-
tached to the ring component.


Experimental Section


General procedure : 1H (270, 300, or 400 MHz) and 13C NMR (67.5, 75.0,
or 100 MHz) spectra were recorded on a JEOL JNM-AL-400, a Varian
Mercury 300, or a JEOL JNM-GSX-270 spectrometer. The chemical
shifts of 1H and 13C NMR signals are quoted relative to tetramethylsilane


Table 2. Complexation constants of 10a,b with 14, respectively.[a]


K [m�1]
Tc [K] 10a 10b


273 30 150
263 40 250
253 100 440
243 150 750
233 350 1200


[a] It was confirmed that the complexation abilities of open-form crown
ethers 9a,b were negligible by 1H NMR spectroscopy. Reactions per-
formed in CD2Cl2/CD3CN 2:1.


Figure 6. Experimental (left) and simulated (right) partial VT-NMR spec-
tra (270 MHz, [D8]THF) of a) Hk of 1b and b) Hf of 2a.


Table 3. Rocking rates and kinetic parameters of 1a,b and 2a,b.[a]


Tc [K] DH [kJmol�1] DS [JK�1 mol�1] k303
[b] [s�1]


1a n.d. n.d. n.d. >4.0J104[c]


1b 186 17�3.0 �113�15 8.9J103[d]


2a 241 32�5.0 �59�21 1.0J104[d]


2b n.d. n.d. n.d. <3.5[e]


[a] Reactions performed in [D8]THF; n.d.=not determined. [b] Rocking
rate at 303 K. [c] Minimum estimate (see text). [d] Estimated by extrapo-
lation of the Eyring plot. [e] Maximum value estimated on the basis of
the saturation transfer experiment.
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or residual solvent. IR spectra were recorded as KBr disks on a JASCO
FTIR-410 spectrometer. Mass spectral analyses were performed on a
JEOL JMS-DX303HF. Elemental analyses were carried out with a
Perkin–Elmer 2400II analyzer. UV/Vis spectra were recorded on a Hita-
chi U-3310 spectrometer in acetonitrile. Preparative HPLC separation
was undertaken with a JAI LC-908 chromatograph using 600 mmJ
20 mm JAIGEL-1H and 2H GPC columns with CHCl3 as the eluent. Sol-
vents were dried (drying agent in parentheses) and distilled prior to use:
THF (sodium benzophenone ketyl), CH3CN (CaH2), CH2Cl2 (CaH2).
Compounds 8, 11, and 13 were prepared according to literature proce-
dures.[16, 17]


Compound 4b : A solution of 3b[17] (crude product obtained from p-bro-
mophenol; 20.0 g, 85.8 mmol), K2CO3 (15.4 g, 112 mmol), and 2-iodopro-
pane (9.40 mL, 94.4 mmol) in acetone (420 mL) was stirred at reflux for
43 h. The mixture was cooled to RT and diluted with H2O (120 mL). Ace-
tone was removed under reduced pressure. The precipitate was collected
by filtration and washed with a small amount of water. This solid (4b :
16.3 g, 69%) was used for subsequent reactions without any purification.
An analytical sample of 4b was obtained after isolation by chromatogra-
phy on silica gel (eluent: CHCl3/EtOH 9:1) and subsequent recrystalliza-
tion from ethyl acetate/hexane. M.p. 125–126 8C; 1H NMR (270 MHz,
[D6]DMSO): d=7.44 (s, 2H), 5.20 (t, J=5.7 Hz, 2H), 4.48 (d, J=5.7 Hz,
4H), 4.12 (septet, J=5.9 Hz, 1H), 1.18 ppm (d, J=5.9 Hz, 6H);
13C NMR (67.5 MHz, [D6]DMSO): d =150.5, 137.9, 128.8, 115.3, 75.7,
57.6, 22.1 ppm; MS (EI): m/z : 274 [M+]; IR (KBr): ñ=3265, 3167, 2971,
2930, 1443, 1385, 1351, 1196, 1103, 1067, 935, 867, 827, 734 cm�1; elemen-
tal analysis calcd (%) for C11H15O3Br: C 48.02, H 5.50; found: C 48.29, H
5.33.


Compound 5b : A suspended solution of 4b (16.0 g, 58.2 mmol) in 48%
hydrobromic acid (450 mL) was stirred at 70 8C for 3 h. The mixture was
cooled to RT and the precipitate was collected by filtration. The precipi-
tate was dissolved in CHCl3 and the solution was washed with water and
dried over anhydrous MgSO4. After evaporation of the solvent, chroma-
tography on silica gel (eluent: CHCl3) gave 5b as a pale yellow solid
(7.00 g, 26% in 3 steps from p-bromophenol). M.p. 88–89 8C; 1H NMR
(270 MHz, CDCl3): d=7.51 (s, 2H), 4.49 (septet, J=5.9 Hz, 1H), 4.47 (s,
4H), 1.37 ppm (d, J=5.9 Hz, 6H); 13C NMR (67.5 MHz, CDCl3): d=


152.7, 134.8, 134.0, 116.7, 77.3, 27.3, 22.6 ppm; MS (FAB): m/z : 400 [M+];
IR (KBr): ñ =3052, 2968, 2927, 1451, 1385, 1371, 1240, 1210, 1194, 1171,
1099, 934, 874, 829, 780, 613, 543 cm�1; elemental analysis calcd (%) for
C11H13Br3: C 32.95, H 3.27; found: C 33.18, H 3.28.


Compound 6b : Compound 5b (3.00 g, 7.48 mmol) was added to a solu-
tion of sodium hydroxide (761 mg, 19.0 mmol) in triethylene glycol
(21.7 g, 144 mmol) and the mixture was stirred at 110 8C for 40 min. The
solution was cooled to RT and diluted with water. The mixture was ex-
tracted with CHCl3 and the extract was washed with brine and dried over
anhydrous MgSO4. After evaporation of the solvent, chromatography on
silica gel (eluent: CHCl3/EtOH=9/1) gave 6b as a colorless oil (3.49 g,
86%). 1H NMR (300 MHz, CDCl3): d=7.52 (s, 2H), 4.55 (s, 4H), 4.13
(septet, J=6.0 Hz 1H), 3.72–3.59 (m, 24H), 2.63 (br s, 2H), 1.25 ppm (d,
J=6.0 Hz, 6H); 13C NMR (75.5 MHz, CDCl3): d=152.3, 133.8, 131.2,
116.6, 77.0, 72.5, 70.7, 70.6, 70.4, 69.9, 67.7, 61.7, 22.4 ppm; MS (FAB):
m/z : 541, 539 [M++H]; IR (neat): ñ=3302 (br), 2988, 2941, 2788, 2710,
1560, 1414, 1041, 840, 809 561 cm�1; elemental analysis calcd (%) for
C23H39O9Br: C 51.21, H 7.29; found: C 51.24, H 7.43.


Compound 7b : Tosyl chloride (4.25 g, 22.3 mmol) was added portionwise
to a solution of 6b (4.00 g, 7.41 mmol) in pyridine (60 mL) with stirring
at 0 8C. After stirring at 0 8C for 10 h, the solution was diluted with 6n


HCl. The reaction mixture was extracted with CHCl3 and the extract was
washed with brine and dried over anhydrous MgSO4. After evaporation
of the solvent, chromatography on silica gel (eluent: CHCl3) gave 7b as a
pale yellow oil (5.60 g, 89%). 1H NMR (270 MHz, CDCl3): d=7.79 (d,
J=8.4 Hz, 4H), 7.49 (s, 2H), 7.33 (d, J=8.4 Hz, 4H), 4.54 (s, 4H), 4.18–
4.06 (m, 5H), 3.71–3.59 (m, 20H), 2.43 (s, 6H), 1.24 ppm (d, J=5.9 Hz,
6H); 13C NMR (100 MHz, CDCl3): d=152.4, 144.6, 134.0, 133.0, 131.2,
129.7, 127.8, 116.6, 76.9, 70.7, 70.6, 70.5, 69.9, 69.2, 68.7, 67.6, 22.3,
21.6 ppm; MS (FAB): m/z : 869 [M++Na]; IR (neat): ñ=3066, 2972,
2872, 1598, 1451, 1357, 1292, 1246, 1190, 1177, 1101, 1018, 925, 817, 775,


664, 554 cm�1; elemental analysis calcd (%) for C37H51O13S2Br: C 52.42,
H 6.06; found: C 52.22, H 6.03.


Crown ether 9b. A solution of 13 (2.20 g, 3.94 mmol) and 12b (3.36 g,
3.96 mmol) in degassed THF (80 mL) through a Hershberg dropping
funnel over 18.5 h was added to a solution of KOH (40 g, 71 mmol) in
water (14 mL) and THF (480 mL) at reflux. After stirring for an addi-
tional 0.5 h under reflux, the reaction mixture was cooled in an ice bath.
The resulting reddish suspension was neutralized with 6n HCl in an ice
bath. The solvent was removed by evaporation and the residue was ex-
tracted with CH2Cl2. The extract was washed with brine and dried over
anhydrous MgSO4. After evaporation of the solvent, chromatography on
silica gel (eluent: hexane/ethyl acetate 1/1) followed by preparative
HPLC gave 9b as a yellow foam (713 mg, 18%). M.p. 44–45 8C; 1H NMR
(270 MHz, CDCl3): d=8.15 (d, J=8.7 Hz, 4H), 7.55 (d, J=8.9 Hz, 4H),
7.54 (s, 2H), 7.20–7.15 (m, 4H), 7.00–6.94 (m, 4H), 4.55 (s, 4H), 4.17–
4.03 (m, 9H), 3.98–3.94 (m, 4H), 3.83–3.63 (m, 16H), 1.18 ppm (d, J=


6.1 Hz, 6H); 13C NMR (100 MHz, CDCl3): d=152.4, 150.0, 134.1, 131.1,
130.7, 129.1, 124.7, 124.1, 124.0, 123.9, 122.6, 116.8, 76.9, 74.9, 71.2, 71.1,
70.83, 70.81, 70.0, 67.6, 27.6, 22.4 ppm; MS (FAB): m/z : 917 [M++H]; IR
(KBr): ñ=3067, 2921, 2870, 1439, 1349, 1281, 1199, 1100, 933, 772, 683,
618 cm�1; elemental analysis calcd (%) for C53H57O9Br: C 69.35, H 6.26;
found: C 69.24, H 6.24.


Closed crown ether 10b : A solution of 9b (2.7 mmol) in CD3CN (750 mL)
in a Pyrex NMR tube was thoroughly degassed by bubbling dry argon for
30 min. Then, the solution was irradiated by using a 500 W high-pressure
mercury lamp for 30 min in a water bath. After irradiation the solution
was maintained below 0 8C to avoid thermal reversion. The structure of
10b was confirmed by 1H NMR spectroscopy. 1H NMR (270 MHz,
CD3CN, 0 8C): d =7.50 (s, 2H), 7.17–7.13 (m, 4H), 7.03–6.98 (m, 4H),
6.83–6.79 (m, 8H), 4.51 (s, 4H), 4.10 (septet, J=6.1 Hz, 1H), 3.66–3.24
(m, 24H), 2.86 (s, 4H), 1.21 ppm (d, J=6.1 Hz, 6H).


Rotaxane 1b. A solution of 9b (200 mg, 218 mmol) in benzene (20 mL)
was placed in a Pyrex glass tube and thoroughly degassed by bubbling
dry argon for 30 min. The solution was irradiated with a 500 W high-pres-
sure mercury lamp for 15 min in an ice bath. After irradiation, the sol-
vent was evaporated with cooling to give 10b. A solution of 5 (88 mg,
218 mmol) in dry CH3CN (250 mL), a solution of 7 (377 mg, 442 mmol) in
dry CH3CN (1.9 mL), and nBu3P (27 mL, 109 mmol) were added to the
residue. The mixture was stirred in an ice/salt bath for 3 h and at RT for
20 min. Evaporation of the solvent followed with isolation by preparative
HPLC separation gave 1b as a yellow foam (235 mg, 50%). M.p. 86–
87 8C. 1H NMR (400 MHz, CDCl3): d=8.23 (d, J=1.0 Hz, 4H), 7.90–7.84
(m, 8H), 7.53–7.49 (m, 8H), 7.34–7.32 (m, 6H), 7.10–7.07 (m, 4H), 6.90–
6.86 (m, 4H), 5.47 (s, 4H), 4.37 (s, 4H), 4.07 (br s, 4H), 4.02 (septet, J=


6.1 Hz, 1H), 3.72 (br s, 8H), 3.62–3.57 (m, 8H), 3.46 (br s, 8H), 1.43
(septet, J=7.3 Hz, 12H), 1.17 (d, J=6.1 Hz, 6H), 1.07 ppm (d, J=7.3 Hz,
72H); 13C NMR (100 MHz, CDCl3): d =167.0, 153.0, 149.0, 147.1, 138.4,
136.4, 134.2, 133.8, 132.7, 130.7, 129.8, 129.5, 129.1, 128.4, 128.0, 124.7,
124.5, 124.1, 123.6, 122.0, 116.4, 77.2, 74.7, 71.3, 71.0, 70.5, 70.4, 70.1, 68.7,
65.8, 52.3, 27.2, 22.4, 18.6, 10.8 ppm; MS (FAB): m/z : 2010 [M+�PF6


�];
IR (KBr): ñ=3054, 2921, 2870, 1439, 1349, 1281, 1199, 1100, 933,
772 cm�1; elemental analysis calcd (%) for C119H165O13NF6Si4PBr: C
66.33, H 7.72, N 0.65; found: C 66.29, H 7.80, N 0.79.


Closed form rotaxane 2b : A solution of 1b (3.5 mmol) in CD3CN
(750 mL) was placed in a Pyrex NMR tube and thoroughly degassed by
bubbling dry argon for 30 min. Then, the solution was irradiated by using
a 500 W high-pressure mercury lamp for 30 min in an ice bath. After irra-
diation, the solution was maintained below 0 8C to avoid the thermal re-
verse reaction. The structures of 2b were confirmed by 1H NMR spec-
troscopy. 1H NMR (270 MHz, [D8]THF, 0 8C): d=8.25 (d, J=7.3 Hz,
6H), 7.95 (d, J=7.9 Hz, 2H), 7.85 (d, J=4.5 Hz, 2H), 7.67–7.62 (m, 4H),
7.55 (s, 4H), 7.28–7.19 (m, 4H), 7.30 (d, J=7.1 Hz, 4H), 6.80–6.69 (m,
8H), 5.48 (d, J=15 Hz, 4H), 4.97 (d, J=9.7 Hz, 2H), 4.38–4.35 (m, 5H),
3.79 (br s, 4H), 3.57–3.23 (m, 24H), 2.95 (s, 4H), 1.48–1.39 (m, 12H), 1.33
(d, J=5.9 Hz, 4H), 1.08–1.04 ppm (m, 72H).


Determination of complexation constants : A solution of 9a or 9b
(8.0 mmol) in CD2Cl2 (0.60 mL) and a solution of 8 (8.0 mmol) in CD3CN
(0.30 mL) in an NMR tube was degassed by bubbling argon in an EtOH-
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dry ice bath for 30 min, before it was irradiated using a 500 W high-pres-
sure mercury lamp. A small amount of CD3CN was added to this solution
to readjust the volume back to the original level owing to evaporation of
the solvent as a result of bubbling argon through it. The 1H NMR spectra
were measured at 10 8C intervals from 0 to �40 8C.
Determination of rates of thermal reversion : A solution of an open-form
compound (ca. 0.1 mm) in CH3CN was charged into a UV/Vis cuvette
equipped with a side neck for degassing. The solution was degassed by
bubbling argon, followed by five freeze-pump-thaw cycles, and then
sealed. The solution was irradiated for 15 min with a 500 W high-pressure
mercury lamp in a water bath. After irradiation, the UV spectral change
was followed at 10 and 30 8C for 6a,b and 2a,b, from which the rates of
the reverse reaction and the half-lives were determined.
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The Importance of the Long Type 1 Copper-Binding Loop of Nitrite
Reductase for Structure and Function


Katsuko Sato, Susan J. Firbank, Chan Li, Mark J. Banfield, and Christopher Dennison*[a]


Introduction


Copper-containing nitrite reductases (NIRs) catalyse a key
step in denitrification, which is part of the global nitrogen
cycle.[1] NIRs are usually trimeric with each subunit consist-
ing of two b-barrel domains, with that towards the N-termi-
nus possessing a mononuclear electron transferring type 1
(T1) copper site.[2–8] The copper ion is bound by three strong
equatorial ligands that are provided by the thiolate sulfur of
a Cys residue and the imidazole nitrogen atoms of two His
residues. An axially interacting Met residue approximately
2.5 . from the metal completes the distorted tetrahedral ge-
ometry. The catalytic type 2 (T2) copper centre is coordinat-


ed in an almost perfect tetrahedral arrangement between
two subunits of the WT NIR trimer by three His residues
and a water ligand. Nitrite binds at this T2 site and is re-
duced to nitric oxide with an electron provided by a redox
metalloprotein via the T1 copper site (the T1 and T2 copper
centres are 12.5 . apart).[1,9] An unusual structural feature
of NIR is the extended 15-residue C-terminal T1 copper-
binding loop, on which the Cys, one of the His and the Met
ligands are situated. The corresponding region in other pro-
teins usually consists of only seven to eleven residues.[7,10–12]


Loop-directed mutagenesis has been used to analyse the
effect of swapping T1 copper-binding loops in a range of
single-domain, b-barrel, electron-transfer (ET) proteins (cu-
predoxins).[10–21] In particular, the shortest naturally occur-
ring loop of amicyanin (AMI; seven residues) has been suc-
cessfully introduced into plastocyanin (PC) and pseudoazur-
in (PAZ), both of which have nine-residue loops, and azurin
(AZ), which has a ten-residue loop.[16,17] The structures of
the AZAMI[19] and PAZAMI[21] chimeras demonstrate that
the introduced loops adopt a conformation as in AMI. The
AZAMI variant has a reduction potential (Em) value that is
almost identical to that of AMI, which highlights that loop
conformation tunes this important property.[17,19, 20] In


Abstract: The long 15-residue type 1
copper-binding loop of nitrite reduc-
tase has been replaced with that from
the cupredoxin amicyanin (7 residues).
This sizable loop contraction does not
have a significant effect on the spec-
troscopy, and therefore, the structures
of both the type 1 and type 2 CuII sites.
The crystal structure of this variant
with ZnII at both the type 1 and type 2
sites has been determined. The coordi-
nation geometry of the type 2 site is
almost identical to that found in the
wild-type protein. However, the struc-
ture of the type 1 centre changes signif-
icantly upon metal substitution, which


is an unusual feature for this class of
site. The positions of most of the coor-
dinating residues are altered of which
the largest difference was observed for
the coordinating His residue in the
centre of the mutated loop. This ligand
moves away from the active site, which
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with a coordinating water molecule.
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PAZAMI, interactions between the introduced loop and the
PAZ scaffold result in active-site alterations that also influ-
ence Em.[21] The structure of the PAZAMI T1 copper site
changes very little upon redox interconversion,[21] which is
recognised as an important feature of this family of proteins
because it minimises the reorganisation energy and allows
fast ET.[22–24] The rigid cupredoxin fold is thought to be im-
portant in this respect, but theoretical studies have suggest-
ed that the ligand set and geometry (provided by the pro-
tein) are almost equally acceptable for both CuII and CuI.[25]


The unique extended T1 copper-binding loop of NIR con-
tributes to packing within the subunits and also to mono-
mer–monomer interactions. We have, therefore, chosen NIR
as the most suitable model for assessing additional roles, as
well as binding a functional T1 copper site, of the metal-
binding loop of a cupredoxin domain within a multi-copper
enzyme. The very short AMI loop has been introduced into
NIR and a detailed characterisation performed, which in-
cluded crystal-structure determination of this chimera. Loop
contraction in NIR does not prevent T1 copper binding, but
renders the enzyme almost totally inactive.


Results


Purification and characterisation of NIRAMI : The
NIRAMI variant elutes from a cation exchange column as
two blue fractions, with visible absorbance maxima (lmax) at
600 nm (NIRAMI600) and 610 nm (NIRAMI610), which are
characteristic of T1 S ACHTUNGTRENNUNG(Cys)!CuII ligand-to-metal charge-
transfer (LMCT) bands. These two fractions do not separate
further on an anion exchange column, however, on a gel fil-
tration column, NIRAMI600 and NIRAMI610 both elute as a
mixture of trimer and monomer. The two forms of
NIRAMI600 and the NIRAMI610 monomer have lmax values
of 600 nm for their main LMCT band, whereas the
NIRAMI610 trimer has a lmax value of 610 nm. For
NIRAMI610, the trimeric form predominates, with relatively
small amounts of monomer present. The actual quantity of
monomer present varied between different preparations, but
was usually <10%, thus the mixture has a lmax value of
610 nm. For NIRAMI600, the relative amounts of trimer and
monomer varied, with usually slightly more trimer present.
When the trimeric and monomeric forms of NIRAMI600


were reapplied to the Superdex 75 column, both eluted as a
mixture of trimer and monomer. It was, therefore, consid-
ered appropriate to study NIRAMI600 as a mixture of mono-
mer and trimer, whereas studies with NIRAMI610 were per-
formed with purified trimer. MALDI-TOF mass spectrome-
try analysis of NIRAMI gave a mass of Mr =35892 com-
pared with the calculated value of Mr =35886.9 (which in-
cludes the N-terminal Met residue introduced when cloning
the wild-type (WT) NIR gene.


The UV/Vis spectra of CuII–NIRAMI600 and NIRAMI610


are compared in Figure 1a and those of NIRAMI610, WT
NIR and AMI from Paracoccus versutus are shown in Fig-
ure 1b (band positions and molar absorption coefficient (e)


values are listed in Table 1). The e values at lmax for the two
different forms of NIRAMI are shown as being identical,
but the copper concentration was only determined for
NIRAMI600. The EPR spectrum of NIRAMI600 has a single
CuII signal that can be readily assigned to the T1 copper site
(see Figure 2), and therefore, this form of the variant has
very little T2 or adventitious copper that could interfere
with this analysis. The A280/A�600 ratios for NIRAMI600 and
NIRAMI610 are similar, which indicates that the e�600 values
are alike. The NIRAMI600 sample used in the EPR studies
was a mixture of trimeric and monomeric forms, and there-
fore, neither of these was able to bind a T2 copper site (see
Figure 2). All attempts to reconstitute the T2 site of
NIRAMI600 with CuII were unsuccessful. The T2 copper
EPR signal for NIRAMI610 is similar to that for the WT pro-
tein (see Figure 2a, parameters are listed in Table 1). The T1
EPR signals for NIRAMI600 and NIRAMI610 are alike (see
Figure 2a and Table 1) and are only slightly different to that
of WT NIR (see Figure 2b, parameters are listed in Table 1).
A notable difference is that gz increases while Az decreases
in NIRAMI compared with WT NIR, which gives values
more like those found in this region of the AMI spectrum.


Figure 1. UV/Vis spectra (T=25 8C) of a) NIRAMI600 (a) and
NIRAMI610 (c) and b) NIRAMI610 (c), WT NIR (b), and AMI
from P. versutus (d).
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The Em value of NIRAMI600 was determined by direct
protein electrochemistry. The responses obtained on a modi-
fied gold electrode are less than ideal: the anodic and catho-
dic peaks have unequal intensities. Peak separations are
around 120 mV at a scan rate of 3 mVs�1 and this increases
at faster scan rates; this indicates slow ET between the
enzyme and the electrode, which has been reported previ-
ously for the WT protein.[26] Peak currents are proportional
to the (scan rate)


1=2 in the range 3 to 50 mVs�1. The Em


values at pH 6.5 and 7.5 are approximately 460 mV and ap-
proximately 440 mV at pH 8.5; these values are about
200 mV higher than that reported for the T1 copper site of
the WT NIR (260 mV in 100 mm phosphate buffer at
pH 7).[26] The relative catalytic activities of NIR and
NIRAMI610 (which exists mainly as a trimer and is the only
form of the NIRAMI variant that binds a T2 copper site)
have been assessed by using an assay in which reduced
methyl viologen (MV) acts as the electron donor.[28,29] These
studies indicate that the loop variant has very little activity,
which is highlighted by the observation that the absorbance
changes over the time period of the assay (typically 10 min.)


were too small in experiments with NIRAMI to be precisely
measured, except at high nitrite concentrations.


Overall structures of WT NIR and NIRAMI : Both WT NIR
and NIRAMI crystallise in space group H3 with similar unit
cell dimensions. This crystal form has previously been re-
ported for Alcaligenes xylosoxidans NIR variants[30] and has
been observed for the WT protein.[70] An atomic-resolution
structure for WT NIR is available (1OE1)[4] and the root-
mean-square deviation (RMSD) for the 335 equivalent Ca


atoms between the WT NIR structure reported herein and
1OE1 is 0.25 .. We have, therefore, used the 1OE1 struc-
ture for all subsequent comparisons. Crystallisation of
NIRAMI was only achieved with the NIRAMI610 form in
the presence of 5 mm ZnII (WT NIR crystallised in the pres-
ence of 10 mm ZnII), despite numerous attempts with a wide
range of conditions using different forms of the variant (see
the Experimental Section). NIRAMI and WT NIR crystal-
lise as trimers in identical oligomeric arrangements (a mo-
nomer in the asymmetric unit with the trimer generated by
rotational crystallographic symmetry). The contact/buried
water-accessible surface area between the subunits is similar
in NIRAMI (2173 .2) and NIR (2199 .2), as are the hydro-


Table 1. T1 and T2 copper site properties of NIRAMI, WT NIR, and
AMI.


NIRAMI610 NIRAMI600 WT NIR AMI[a]


UV/Vis[b]


l1 [nm] �470 �470 �470 �460
e [m�1 cm�1] – 1060 1040 470
l2 [nm] 610 600 594 596
e [m�1 cm�1] – 4400 5200 3900
A�460/A�600 0.17 0.24 0.20 0.11


EPR (T1 Cu)[c]


gx �2.04 2.043 2.042 2.032
gy �2.04 2.043 2.042 2.047
gz �2.24 2.228 2.215 2.235
Ax [mT] �1 0.9 1.1 0.6
Ay [mT] �1 0.9 0.9 0.8
Az [mT] �5 5.8 6.3 5.4


EPR (T2 Cu)[d]


gz 2.35 – 2.32 –
Az [mT] 12.5 – 13.5 –


Em [mV][e] –[f] 460[g] 260[h] 255[i]


[a] Data for AMI from P. versutus. [b] Conditions: T=25 8C; NIRAMI610


and NIRAMI600: 20 mm phosphate (pH 7.0); WT NIR: 20 mm Mes
(pH 6.0); AMI: 10 mm phosphate (pH 8.0). The molar absorption coeffi-
cient (e) value for NIRAMI600 at l2 is probably similar to that for
NIRAMI610, given that they have almost identical A280/A�600 ratios.
[c] Conditions: T=�196 8C; NIRAMI610: 20 mm Tris (pH 7.5);
NIRAMI600: 25 mm Hepes (pH 8.6); WT NIR: 15 mm Mes (pH 6.0)
130 mm NaCl, 20% glycerol; and AMI: 25 mm Hepes (pH 7.6) and 40%
glycerol. The T1 Cu site simulation for NIRAMI610 was performed on the
spectrum of a sample that also contained T2 copper, and thus the param-
eters obtained are less precise. [d] Values obtained directly from line po-
sitions. [e] Reduction potentials were measured at (23�1) 8C by cyclic
voltammetry and values are quoted against the normal hydrogen elec-
trode. [f] An electrochemical response could not be obtained for
NIRAMI610. [g] Determined in 20 mm Tris (pH 7.5; ionic strength=


0.10m, NaCl). [h] Value taken from ref. [26]. [i] Value taken from
ref. [27].


Figure 2. EPR spectra (T=�196 8C) of a) NIRAMI600, NIRAMI610, and
T2 copper-loaded WT NIR and b) NIRAMI600, T2 copper-depleted WT
NIR, and AMI from P. versutus.
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phobicity, planarity and the number of hydrogen bonds at
this interface.


The overall structure of NIRAMI is very similar to that of
WT NIR,[4] with 323 equivalent Ca atoms that superimpose
with an RMSD of 0.38 . (Fig-
ure 3a). The most significant al-
teration is in the ligand-contain-
ing loop, which has been mutat-
ed from C130APEG ACHTUNGTRENNUNGM ACHTUNGTRENNUNGV ACHTUNGTRENNUNGPACHTUNGTRENNUNGW-
ACHTUNGTRENNUNGH139V ACHTUNGTRENNUNGV ACHTUNGTRENNUNGS ACHTUNGTRENNUNGGACHTUNGTRENNUNGM144 in WT NIR to
C130TACHTUNGTRENNUNGP ACHTUNGTRENNUNGH133PACHTUNGTRENNUNGFM136 in NIRAMI.
The backbone of the Cys-to-
Met loop in NIRAMI is re-
markably similar to that found
in AMI from Paracoccus deni-
trificans (protein data bank
(PDB) code 1AAC),[31] with an
RMSD of 0.77 . for the Ca


atoms (see Figure 3b). The
greatest Ca displacements be-
tween the loops of NIRAMI
and AMI are observed for resi-
dues Thr131 and Pro134
(NIRAMI numbering) at 1.17
and 1.09 ., respectively. These
changes result from differing in-
teractions between the loop and
the WT NIR and AMI scaffolds
(see the Supporting Informa-
tion). The introduction of the
short AMI sequence removes
the a-helical section of the WT
NIR loop (see Figure 3a),
which is at the subunit interface
and is involved in a number of
important interactions within a
single subunit. In WT NIR, the
side chains of residues in this
region make important mono-
mer–monomer contacts that are
missing in NIRAMI (see the
Supporting Information). The
number of hydrogen bonds
around the active site of
NIRAMI is dramatically re-
duced compared with WT NIR
and matches that found for
AMI (see Table S1 and descrip-
tion in the Supporting Informa-
tion).[31]


Metal-site structures : The struc-
tures of the T1 and T2 copper
sites in A. xylosoxidans WT
NIR, determined herein, are es-
sentially identical to those in
the high-resolution structure re-


ported previously (see Figure 3c and Tables 2 and 3).[4] In
the case of the NIRAMI variant, which crystallised over a
long period from a condition containing 5 mm ZnII, com-
pletely colourless crystals, presumably with ZnII present at


Figure 3. a) A stereoview of an overlay of the structures of WT NIR (PDB 1OE1, grey) and NIRAMI (blue).
The ligand-containing loop, coordinating residues and metal ions at the T1 and T2 sites are coloured green in
WT NIR and yellow in NIRAMI. b) A stereoview of an overlay of the T1 sites of AMI from P. denitrificans
(1AAC, red) and NIRAMI (yellow). The ligating side chains are labelled according to their positions in AMI
and NIRAMI, respectively. *: CuII ion of AMI, *: ZnII ion of NIRAMI, *: coordinating water in NIRAMI.
c) A stereoview of an overlay of the active sites of WT NIR (ligands: grey, CuII : *) and NIRAMI (ligands:
blue, ZnII : *). The ligating side chains are labelled according to their positions in WT NIR and NIRAMI, re-
spectively. *: coordinated water at the T2 site (both proteins) and the T1 site (NIRAMI only).
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the T1 site, were obtained. Because diffraction data were
collected at a wavelength of 1.33 ., an anomalous differ-
ence map was generated to identify the location of any
copper in the crystal; the theoretical contribution to the
anomalous signal for Cu at 1.33 . is approximately 3.6 elec-
trons, whereas for Zn it is approximately 0.52 electrons.
There were no peaks in this map at either the T2 site or the
third metal site (situated between domains and unrelated to


the active centre) in the NIRAMI structure, which are both,
therefore, assumed to be occupied by ZnII. The only peak in
this map is relatively weak (7.4 s) and is located about 1 .
from the centre of the electron density that dominates the
T1 site in the final 2 jFobs j� jFcalcd jfFcalcd maps (or jFobs j�
jFcalcd jfFcalcd maps with the metal removed). It would there-
fore appear that the dominant metal in this site is also ZnII,
centred in the electron density. A small amount of CuI could
be present displaced towards the Met, resulting in the slight-
ly ellipsoidal electron density. The most appropriate model
that describes the T1-site structure has ZnII bound by His89,
Cys130, His133, and a water molecule (Figure 3b and c).


The NIRAMI loop contraction, therefore, has a major in-
fluence on the structure of the ZnII T1 centre (Figure 3c and
Table 2). The His89 ligand undergoes rotation of its imida-
zole ring compared with WT NIR, and the thiolate of the
coordinating Cys is displaced (Figure 3c). Larger differences
were found for the axial Met ligand, with the thioether
sulfur displaced about 0.7 . from its position in WT NIR.
The biggest change was observed for the His ligand on the
loop, which occupies a totally different position than in WT
NIR. This results in the Nd1 atom being much more distant
ACHTUNGTRENNUNG(�3 .) from the location of the CuII ion in WT NIR. The
movement of the His residue results in a more open metal
centre with increased solvent accessibility, which allows a
water molecule to bind to ZnII. The thioether group of
Met136 is about 3.6 . from the metal and is not considered
to coordinate. This arrangement results in a highly distorted
tetrahedral T1 ZnII site (see Table 2).


The structure of the T2 ZnII site in NIRAMI is almost
identical to that of the T2 CuII site in WT NIR (Figure 3c
and Table 3). This metal site has two His ligands (His94 and
His129) that are derived from one subunit and one His
ligand from an adjacent subunit (all of which coordinate
through their Ne2 atoms). The almost perfect tetrahedral co-
ordination geometry is completed by a water ligand that hy-
drogen bonds with the Od2 of Asp92.


Discussion


In this study the importance of the extended T1 copper-
binding loop in the cupredoxin domain of NIR has been in-
vestigated. The variant with a T1 copper-binding loop short-
ened by over half its length is stable, which allows detailed
characterisation. The backbone conformation of the intro-
duced loop in NIRAMI, and the active site hydrogen-bond-
ing pattern, are similar to AMI,[31] although there are larger
changes in this region than those observed in the structures
of chimeric cupredoxins.[19–21] The isolation of two forms of
NIRAMI with slightly different spectroscopic properties
suggests that this loop-contraction experiment has intro-
duced flexibility at the CuII site, a feature that has also been
found for other T1 copper site variants.[15,32–35] Both forms of
NIRAMI were isolated in monomeric and trimeric forms,
which indicates that loop contraction has destabilised the
proteinLs quaternary structure.


Table 2. The geometry of the T1 metal sites of NIRAMI, WT NIR, and
AMI.


ZnII–
NIRAMI


CuII–WT
NIR[a]


CuII–WT NIR
(1OE1)[b]


CuII–
AMI[c]


M�ligand bond lengths [.]
M�O ACHTUNGTRENNUNG(Pro88) 4.18 4.12 4.12 3.92
M�Nd1


ACHTUNGTRENNUNG(His89) 2.57 2.23 2.02 1.95
M�Sg


ACHTUNGTRENNUNG(Cys130) 2.19 2.19 2.20 2.11
M�Nd1


ACHTUNGTRENNUNG(His133) 2.37 2.00 2.03 2.03
M�Sd


ACHTUNGTRENNUNG(Met136) 3.55 2.54 2.45 2.90
M�O ACHTUNGTRENNUNG(H2O)[d] 2.01 – – –
NSN plane[e] 0.14 0.56 0.60 0.30


angles [8]
H2O-M-His89 92 – – –
H2O-M-Cys130 89 – – –
H2O-M-His133 79 – – –
H2O-M-Met136 162 – – –
His89-M-Cys130 117 124 122 136
His89-M-His133 132 99 101 104
His89-M-Met136 70 87 88 85
Cys130-M-His133 110 116 113 113
Cys130-M-Met136 98 113 114 111
His133-M-Met136 114 114 116 100


[a] Distances from the structure of A. xylosoxidans WT NIR (determined
herein), in which His139 and Met144 replace His133 and Met136, respec-
tively. [b] Obtained from the high-resolution structure of A. xylosoxidans
WT NIR. [c] Obtained from the structure of P. denitrificans AMI (PDB
code 1AAC), in which Pro52, His53, Cys92, His95, and Met98 replace
Pro88, His89, Cys130, His133, and Met136, respectively. [d] This water
molecule coordinates to ZnII in the NIRAMI structure only. [e] The
plane that contains His89, Cys130, and His136 ligands in NIRAMI.


Table 3. The geometry of the T2 sites of NIRAMI and WT NIR.


ZnII–
NIRAMI


CuII–WT
NIR[a]


CuII–WT NIR
(1OE1)[b]


M�ligand bond lengths [.]
M�O ACHTUNGTRENNUNG(H2O) 1.95 1.83 1.98
M�Ne2


ACHTUNGTRENNUNG(His94) 2.15 2.12 1.96
M�Ne2


ACHTUNGTRENNUNG(His129) 2.09 1.97 2.00
M�Ne2


ACHTUNGTRENNUNG(His292) 2.16 2.15 2.00
Od2


ACHTUNGTRENNUNG(Asp92)�H2O 2.66 2.71 2.54


angles [8]
H2O-M-His94 114 109 110
H2O-M-His129 112 111 112
H2O-M-His292 105 116 111
His94-M-His129 108 104 111
His94-M-His292 105 107 104
His129-M-His292 112 108 109


[a] From the structure of A. xylosoxidans WT NIR (determined herein).
His300 replaces His292 in the WT protein. [b] From the high-resolution
structure of A. xylosoxidans WT NIR.
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The fold of the NIRAMI monomer is very similar to that
of WT NIR,[4] so significant changes in the overall structure
cannot be responsible for the observed trimer destabilisa-
tion. The contact surface areas between monomers, and the
properties of this interface, are also alike in the WT NIR
and NIRAMI structures. The lowered stability of the
NIRAMI trimer observed in solution must therefore be a
consequence of localised changes that result from removal
and modification of key structural features, which involve
the extended loop of WT NIR. These include an a-helical
section, various hydrophobic interactions and secondary
structure elements adjacent to the ligand-containing loop.


The spectroscopic studies reported herein demonstrate
that NIRAMI binds CuII at the T1 site in an arrangement
almost identical to that found in WT NIR. CuII coordinated
in the same geometry as ZnII at the T1 site in the crystal
structure of NIRAMI would result in very different spectral
features, particularly in the EPR spectra. The T1 site flexi-
bility introduced by the NIRAMI mutation destabilises the
CuII form, which allows displacement by ZnII. The ZnII ion
has moved away from Met136 towards the protein surface,
and is about 1 . from the likely location of the small
amount of copper detected in the crystal and from the posi-
tion of the CuII ion observed when the WT NIR structure is
superimposed.[4] The side chain of the His133 ligand in the
loop is dramatically displaced compared with the position of
the corresponding imidazole in WT NIR;[4] this gives a
much more solvent-exposed active site that includes a water
ligand. Copper removal and metal substitution at T1 copper
centres usually has very little influence on the structure of
the active site. For example, CuII,[36–38] ZnII,[39] CdII,[40] NiII[41]


CoII,[42] and metal-free AZ[43,44] all have metal-site structures
that are remarkably alike. Furthermore, the structure of the
Met150Glu Alcaligenes faecalis NIR variant has a ZnII T1
site at which the arrangement of the three equatorial ligands
is very similar to that in the CuII WT protein.[45] Limited
structural change upon metal substitution is one of the most
convincing pieces of evidence in favour of a constraining
role for the rigid b-barrel domain that always surrounds this
particular biological redox site.[24] The T1 site of NIRAMI
appears to be flexible and therefore, the extended metal-
binding loop in its cupredoxin domain must contribute to
constraining this region. Malleability will increase the inner-
sphere reorganisation energy of the T1 copper site, which
will decrease its ET capabilities (see below).


T1 Cu site differences between the oxidised and reduced
forms of NIRAMI affect Em. Because the major T1 site
change between ZnII–NIRAMI and WT CuII–NIR, involves
the coordinating His residue on the loop, protonation and
dissociation of this ligand (a feature observed in certain CuI


cupredoxins, including AMI (pKa�7)),[13, 27,46,47] is a suitable
model of what may occur in NIRAMI upon reduction. Pro-
tonation of the His ligand at a T1 site results in CuI becom-
ing three-coordinate, an arrangement that stabilises this oxi-
dation state of the metal and leads to a striking increase in
Em


[13,27,46–49] and a dramatic decrease in ET (owing to an in-
creased reorganisation energy).[50,51] The Em value for the T1


site of NIRAMI is approximately 200 mV higher than that
of WT NIR and agrees with the value reported for the influ-
ence of protonation and dissociation of the His ligand on
the Em value of AMI,[47] indicating that structural changes
occur in NIRAMI upon reduction to stabilize CuI over CuII.
The structure of the T2 centre (the site of nitrite binding
and reduction) is almost identical in NIRAMI and WT NIR,
and its properties, including the Em value, should not have
been significantly influenced by the loop contraction. The
dramatic effect of the NIRAMI mutation on activity is
therefore partly due to it no longer being thermodynamical-
ly favourable for ET to occur from the T1 to the T2 site as a
result of the increased Em value of the T1 copper site. A
similar effect has been seen in other T1 site mutants of NIR
that raise the Em value.[30,52–54] An increased reorganisation
energy of the T1 site will also inhibit ET between the two
copper sites of the enzyme, as suggested for variants of
NIR[52,55] and cupredoxins,[56,57] and must also contribute to
the decreased catalytic activity of NIRAMI.


Conclusion


The replacement of the longest T1 copper-binding loop in
the multi-copper, multi-domain enzyme NIR with the short-
est known naturally occurring sequence for this class of
ubiquitous ET site has a significant effect on structure and
activity. The T1 site is flexible in the NIRAMI loop variant
and the native metal is readily replaced by ZnII, which gives
an arrangement different to that found for CuII. This is an
unusual observation for a T1 copper site, in which the con-
strained environment usually imposes the same geometry on
a range of non-native metals. Structural changes at this site
must also occur upon reduction of copper, which gives rise
to the large increase in Em for this site compared with WT
NIR. Efficient ET to the structurally unaltered substrate-
binding T2 site is dramatically decreased due to an unfav-
ourable driving force and an increased reorganisation
energy for the T1 site. The extended loop in NIR is impor-
tant for simultaneously stabilising a functional T1 copper
site and the trimeric arrangement of this enzyme.


Experimental Section


Mutagenesis : Loop mutagenesis was carried out by using QuikChange
(Stratagene) site-directed mutagenesis. A pGEMT derivative
(pGEMT bNIR) was used as the template that harboured the gene for
A. xylosoxidans NCIMB11015 NIR.[58] The primers used to mutate the
C130APEGMVPWH139VVSGM144 (T1 copper ligands numbered) loop of
A. xylosoxidans WT NIR to C130TPH133PFM136, which is the sequence of
the corresponding loop in AMI from both P. versutus and P. denitrificans,
were gcaccttcgtctaccactgcaccccgcacccgtttatgagcggcacgctg (forward) and
cagcgtgccgctcataaacgggtgcggggtgcagtggtagacgaaggtgc (reverse). Both
strands of the mutated plasmid pGEMT-bNIRAMI were sequenced and
the NdeI and XhoI insert was re-cloned into pET22b (Novagene) to give
pET22b-bNIRAMI.


Overexpression and purification of WT NIR and NIRAMI : Escherichia
coli BL21 was transformed by using either pET22b-bNIR (WT NIR) or
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pET22b-bNIRAMI, cells were grown and the WT protein was isolated as
previously described.[58] In the case of NIRAMI, the cell pellet from 8 L
of culture was re-suspended in a 20 mm solution of 2-(N-morpholino)-
ACHTUNGTRENNUNGethanesulphonic acid (Mes, pH 6.0; Sigma), disrupted by sonication, and
centrifuged. Aliquots of a 0.5m solution of CuSO4 were added to the su-
pernatant (final concentration 1.5 mm), which was incubated overnight at
4 8C. The solution was then centrifuged and the supernatant was loaded
onto an SP sepharose (GE Healthcare) column equilibrated with 20 mm


Mes (pH 6.0). The bound proteins were eluted with a pH gradient by
using equal volumes of 20 mm Mes (pH 6.0) and 50 mm tris(hydroxyme-
thyl)aminomethane (Tris; pH 9.5). The NIRAMI fractions were com-
bined and exchanged into 10 mm Tris (pH 9.5), then loaded onto a Hi-
Trap Q HP column (GE Healthcare) equilibrated with the same buffer
and eluted with 25 mm phosphate (pH 6.0). The NIRAMI-containing
fractions were pooled and exchanged into a solution of 20 mm Tris
(pH 8.0) and 200 mm NaCl by using ultrafiltration. The final purification
step was carried out on a Superdex 200 (GE Healthcare) gel filtration
column that had been equilibrated with the same buffer. This column
was calibrated by using low and high molecular weight kits (GE Health-
care). Pure NIRAMI has an A280/A�600 ratio of around 12 for the fully
oxidised enzyme and purity was verified by using sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis (12.5% gel). The absorbance
ratio increases with time and could not be fully restored by oxidation,
which is indicative of copper loss. Protein concentrations were deter-
mined by using the e values of the main blue bands (e =4400 and
5200m


�1 cm�1 for NIRAMI and WT NIR, respectively; see below). These
differences in the e values are consistent with the higher A280/A�600 ratio
usually obtained for NIRAMI than WT NIR (�11).


UV/Vis spectroscopy: Determination of e and molecular weight : All UV/
Vis spectra were acquired at 25 8C by using a Perkin–Elmer l 35 spectro-
photometer. To determine the e values, copper concentrations were mea-
sured by using an M Series atomic absorption spectrophotometer
(Thermo Electron) with standards in the range of 0.2 to 1.8 ppm CuII


made from a stock solution (Aldrich). The protein was fully oxidised
with a solution of K3[Fe(CN)6], washed with 0.5 mm ethylenediaminete-
traacetic acid (EDTA) and exchanged into 2 mm Tris (pH 8.6) by using
ultrafiltration. A UV/Vis spectrum was obtained and the copper concen-
tration of the same sample determined. Molecular weights were deter-
mined by MALDI-TOF mass spectrometry.


Sample preparation and EPR spectroscopy: X-band EPR spectra were
recorded at �196 8C by using a Bruker EMX spectrometer. Diphenylpi-
crylhydrazyl (DPPH) was used as an external reference, and the SIMFO-
NIA program (Bruker) was used for spectral simulations. The samples
were washed with 0.5 mm EDTA and fully oxidised with excess
K3[Fe(CN)6], then the EDTA was removed by using ultrafiltration with
25 mm N-(2-hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid) (Hepes,
pH 8.6) or 20 mm Tris (pH 7.5).


Electrochemistry : The direct measurement of Em values was carried out
by using cyclic voltammetry at ambient temperature ((23�1) 8C) with an
electrochemical setup described previously.[59] The gold working electrode
was polished with a slurry of Al2O3 (particle size=0.015 mm, BDH) on
fresh Buehler cloth. After polishing, the electrode was sonicated for
10 min and then modified by immersion in a saturated solution of 3,3’-di-
thiodipropionic acid for 25 min. Cyclic voltammograms could only be ob-
tained for NIRAMI600 (a reproducible electrochemical response could
not be achieved for NIRAMI610).


Nitrite reductase activity assay : The activities of WT NIR and trimeric
NIRAMI610 were compared by measuring the rate of oxidation of di-
thionite-reduced MV.[28,29] Samples were incubated with an excess of CuII


for about 2 weeks at 4 8C to ensure high T2 Cu site occupancy. The reac-
tion mixture (1 mL) contained 50 mm phosphate (pH 7.0), 80 mm MV,
0.1–10 mm KNO2 and 2 mm sodium dithionite. The reaction was initiated
by the addition of 2 mL of enzyme solution (1 mm for both WT NIR and
NIRAMI in 50 mm phosphate; pH 7.0), and the absorbance decrease at
600 nm (e600 =12 mm


�1 cm�1) due to the oxidation of MV was monitored.
A blank reaction was also carried out by using buffer (2 mL) instead of
enzyme solution and was subtracted as a baseline. Relative activity was
obtained from comparisons of the rate of absorbance decrease at 600 nm


at identical nitrite concentrations. The absorbance changes in the case of
NIRAMI were so small that they were difficult to determine precisely,
except at the highest nitrite concentration, which demonstrated that
NIRAMI is almost totally inactive and made detailed analysis of these
data difficult.


Crystallisation and structure analysis : Numerous attempts to crystallise
both CuII–NIRAMI600 and CuII–NIRAMI610 were undertaken by using
the hanging drop method of vapour diffusion at 20 8C. This included the
use of commercially available solutions, such as the PACT and Struc-
ture 1 and 2 screens (Molecular Dimensions, UK), which included diluted
versions with protein concentrations that ranged from 2 to 10 mgmL�1.
Furthermore, crystallisation trials were undertaken by using buffer/pre-
cipitant combinations that had previously proven successful for WT and
mutants of A. xylosoxidans NIR.[4,30,52, 60] The best crystal was obtained
with the trimeric form of CuII–NIRAMI610 by using a solution of protein
(2.0 mL, 2.5 mgmL�1) in Tris (5 mm, pH 8.6) mixed with a precipitant so-
lution (2.0 mL) containing 50 mm Hepes pH 7.0, 5 mm ZnCl2 and 10%
polyethylene glycol (PEG) 6000. This crystal took a few months to form
and was completely colourless. Prior to being frozen in a stream of nitro-
gen, the crystal was immersed in N-paratone oil as a cryo-protectant.
Crystals of CuII A. xylosoxidans WT NIR were obtained by using the
hanging drop vapour diffusion method at 20 8C with a solution of protein
(1.5 mL, 10 mgmL�1) in 5 mm Tris (pH 8.6) mixed with precipitant solu-
tion (1.5 mL) containing 100 mm Mes pH 6.5, 10 mm ZnSO4·7H2O and
25% PEG-MME 550 (MME=monomethyl ether). Crystals formed over-
night and were bright blue. Prior to being frozen in a stream of nitrogen,
a crystal was immersed in 10% glycerol, 100 mm Mes pH 6.5, 10 mm


ZnSO4·7H2O and 28% PEG-MME 550 as a cryo-protectant. Diffraction
data for NIRAMI were collected at 100 K at the Daresbury synchrotron
radiation source (station 10.1 operating at 1.33 .) by using a MAR225
CCD detector. This wavelength was chosen to maximize the anomalous
scattering contribution of copper and enable the position of this metal to
be determined in the model by using anomalous difference maps. Owing
to deterioration of the crystal in the X-ray beam, only 578 of data were
collectable. Diffraction data for WT NIR were collected at 93 K on a
Rigaku Raxis IV++ detector with X-rays from a Micromax-007 generator
fitted with Osmic “blue” optics. All data were processed with
MOSFLM[61] and scaled with SCALA.[62] Rfree was calculated by using
5% of the data that had been set aside. The structures were solved by


Table 4. Crystallographic data collection and refinement statistics.


WT NIR NIRAMI


data collection[a]


l [.] 1.542 1.330
space group H3 H3
resolution range [.] 34.14–2.35


(2.48–2.35)
37.53–2.50
(2.64–2.50)


unit cell parameters [.] a=b=89.45
c=144.47


a=b=89.81
c=143.10


no. of unique reflections 17939
ACHTUNGTRENNUNG(2599)


14625
ACHTUNGTRENNUNG(2183)


redundancy 5.4 (5.3) 1.8 (1.8)
I/s(I) 25.9 (4.6) 10.4 (2.7)
completeness [%] 100 (100) 98.4 (99.9)
Rmerge [%] 5.3 (31.5) 5.6 (27.5)


refinement[a]


resolution range [.] 34.14–2.35
(2.41–2.35)


37.53–2.50
(2.57–2.50)


Rfactor [%] 16.5 (19.9) 18.1 (24.7)
Rfree [%] 21.5 (33.2) 23.2 (30.7)
RMSD bond lengths [.] 0.013 0.013
RMSD bond angles [8] 1.54 1.54
average B-factor (protein) [.2] 39.1 54.8
average B-factor (ligand) [.2] 42.7 55.8
ramachandran outliers [%] 1.4 1.4


[a] Figures in parentheses represent data for the highest resolution shell.
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using molecular replacement with MOLREP (implemented in CCP4)[62]


and the high-resolution (1.04 .) structure for WT NIR[4] (PDB en-
try 1OE1, with the C-terminal ligand-containing loop, copper atoms, and
water molecules removed) was used as a search model. Iterative model
building (by using COOT)[63] and refinement (REFMAC5)[64] cycles were
used to complete the structures. Detailed data collection, processing, and
refinement statistics are given in Table 4. Ramachandran outliers were
identified by using MOLEMAN2,[65] whereas LSQMAN[66] was used to
generate all superimposed structures and determine RMSDs for Ca


atoms, except for the AMI/NIRAMI comparison, which used the Secon-
dary Structure Motif (SSM) algorithms implemented in COOT. Surface
area calculations were performed by using PISA on the EBI website
(http://www.ebi.ac.uk/msd-srv/prot_int/pistart.html)[67] and by using the
Protein–Protein Interaction Server.[68] Figures of protein structures were
prepared with Pymol.[69] The coordinates and structure factors for
NIRAMI and WT NIR have been deposited with the Protein Data
Bank, and have the PDB ID codes 2vmj and 2vn3.
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Introduction


Carbon–carbon bond-forming reactions play a crucial role in
organic synthesis. With the notable exception of pericyclic
reactions, most carbon–carbon bond-forming processes in-
volve the use of reactive intermediates, such as carbocations,
carbanions, radicals and carbenes. It was realized that a class
of potentially useful reactive intermediates, zwitterions,
which are readily formed by the addition of nucleophiles to
activated p-systems, although known for a long time,[1] have
not found much use in organic synthesis, especially in


carbon–carbon bond formation. In the context of our recent
interest in multicomponent reactions involving zwitterions[2]


formed from isoquinoline and dimethyl acetylenedicarboxy-
late (DMAD), we began exploring the reactions of the zwit-
terion formed from pyridine and DMAD; this species has a
long history going back to the work of Diels and Alder[1a] in
1932, but its structure was established only three decades
later by Acheson,[3] Winterfeldt[4] and Huisgen[5] independ-
ently.


It was found that the zwitterion 1 reacts readily with aro-
matic aldehydes (Scheme 1) to afford aroyl fumarates by a
process tantamount to the trans addition of the aldehyde
across the p system of the acetylenic ester.[6] Similar results
were obtained in the reaction of the zwitterion 1, formed in
situ from pyridine and DMAD, with N-tosylimines[7] and
electron deficient styrenes[8] (Scheme 2).


Abstract: A systematic study of the ad-
dition of various 1,2-acyclic diones to
activated acetylenic esters catalyzed by
pyridine under mild conditions is de-
scribed. This reaction provides a new
protocol for the stereoselective synthe-
sis of 1,2-diaroyl maleates. The exclu-
sive formation of the cis isomer is espe-
cially noteworthy. This reaction occurs
through the initial generation of a pyri-
dine–dimethyl acetylene dicarboxylate


zwitterion and its addition to the dione
followed by an unprecedented benzoyl
migration. Pyridine and substituted
pyridines, such as 4-dimethylaminopyri-
dine (DMAP) and 3-methoxypyridine,


are the best catalysts and anhydrous
1,2-dimethoxyethane is found to be the
solvent of choice. Structural, electronic,
energetic and mechanistic details of the
reaction are also revealed by density
functional theory calculations, which
strongly support the exclusive forma-
tion of the cis isomer of the 1,2-diaroyl
maleates.
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This unprecedented reaction was impressive for the facili-
ty with which it occurred under very mild conditions
(Scheme 2). The realization that the process involved the
formal scission of the robust C�H bond of aryl aldehydes
(BE �97 kcalmol�1; BE=Bond energy) led us to surmise
that a 1,2-dicarbonyl compound, such as benzil, with a rela-
tively weak 1,2-C�C bond (BE �70 kcalmol�1) was likely to
engage in a reaction with the pyridine–DMAD zwitterion.
In the event, a facile reaction leading to the formation of
1,2-dibenzoyl maleate occurred and the preliminary results
have already been published.[9] Herein we report the details
of work that involved the screening of several nucleophiles
and solvents. Detailed computational studies aimed at gain-
ing insight into the mechanistic pathway for the reaction are
also included.


Results and Discussion


Synthetic studies : Our studies began with the addition of a
catalytic amount (20 mol%) of pyridine to a solution of
benzil 6 and DMAD (3) in anhydrous 1,2-dimethoxyethane
(DME) at �10 8C (Scheme 3). The reaction mixture was al-


lowed to warm to room temperature (�30 8C) and was then
stirred for 8 h. The usual processing of the reaction mixture
followed by column chromatography afforded dibenzoyl
maleate 7 in 62% yield along with the unreacted benzil
(33%).


Taking the reaction shown in Scheme 3 as the standard,
several solvents were used instead of DME to examine
whether there is any change in the efficiency of the reaction
profile or the yield of product. The results of this study are
summarized in Table 1 and clearly indicate that the reaction
works well with polar solvents, which is presumably due to
the stabilization of the zwitterion in polar solvents relative
to non-polar solvents. Evidently, anhydrous DME is the sol-
vent of choice.


A variety of nucleophiles were screened in place of pyri-
dine, with the reaction of benzil and DMAD in anhydrous


DME as the standard (Scheme 3) and the results are pre-
sented in Table 2. Interestingly, pyridine, 4-dimethylamino-
pyridine (DMAP) and 3-methoxypyridine afforded the best
results.


A dialkyl dione, 2,3-butanedione (8), also participated in
the reaction with the pyridine–DMAD zwitterion under the
usual conditions and product 9 was formed, albeit in low
yields (Scheme 4). This may be due to side reactions that
occur by deprotonation of the activated methyl groups of
dione 8.


Scheme 2. Reaction of the pyridine–DMAD zwitterion with aldehydes,
N-tosylimines and dicyanostyrenes.


Scheme 3. Pyridine-catalyzed addition of DMAD to benzil.


Table 1. Effect of solvents.


Solvent Conditions Yield [%][a]


DME
�10 8C!RT, 12 h 62 (92)
reflux, 12 h, 63 (88)


THF
�10 8C!RT, 12 h 44 (66)
reflux, 12 h 48 (69)


CH2Cl2
�10 8C!RT, 12 h 36 (61)
reflux, 12 h 36 (61)


diethyl ether
�10 8C!RT, 12 h 33 (53)
reflux, 12 h 35 (54)


toluene
�10 8C!RT, 12 h 39 (61)
reflux, 12 h 42 (65)


cyclohexane
�10 8C!RT, 12 h 24 (43)
reflux, 12 h 25 (42)


[a] Yields based on recovered starting material are given in parentheses.


Table 2. Screening of catalysts.


Catalyst Conditions Yield [%][a]


pyridine
�10 8C!rt, 12 h 62 (92)
reflux, 12 h 63 (88)


DMAP
�10 8C!rt, 12 h 65 (87)
reflux, 12 h 67 (92)


3-methoxypyridine
�10 8C!rt, 12 h 63 (90)
reflux, 12 h 68 (92)


2-picoline
�10 8C!rt, 12 h 33 (51)
reflux, 12 h 33 (51)


2,6-lutidine
�10 8C!rt, 12 h < 10
reflux, 12 h < 10


triphenylphosphine
�10 8C!rt, 12 h 0
reflux, 12 h 0


triethyl amine
�10 8C!rt, 12 h 0
reflux, 12 h 0


DABCO
�10 8C!rt, 12 h 0
reflux, 12 h 0


DBU
�10 8C!rt, 12 h 0
reflux, 12 h 0


potassium tert-butoxide
�10 8C!rt, 12 h 0
reflux, 12 h 0


[a] Yields based on recovered starting materials are given in parentheses.


Scheme 4. Addition of DMAD to 2,3-butanedione catalyzed by pyridine.
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To see if the size of the substituent in the ester group has
any impact on the reactivity pattern, a reaction with di-tert-
butyl acetylenedicarboxylate as the activated alkyne was
carried out. The reaction proceeded smoothly in the same
way as in the earlier cases to afford product 11 in 48% yield
(Scheme 5), thus suggesting that the bulkiness of the ester
group has no major effect on the yield of the product.


Electronic and steric effects : It should be noted that in
Scheme 1 we have adopted a cis structure[10] (with respect to
the ester moieties) for the zwitterionic intermediate 1. Con-
ceivably, the interaction of 1 with the electron-deficient
dione is enhanced when the lone-pair centre at the carban-
ion-like carbon atom of 1 (Figure 1a) is more electron rich.
The higher catalytic activity observed for DMAP and 3-me-
thoxypyridine (Table 2) can be used as evidence in support
of this electronic effect. Al-
though the formation of a trans
structure is also possible for
this system (Figure 1b), on the
basis of the following evidence,
the existence of a cis structure
can be confirmed as the active
form. The first evidence came
from the data obtained during
the screening of catalysts
(Table 2). As we can see, the
catalytic efficiency of 2-picoline
and 2,6-lutidine is less pro-
nounced than that of pyridine,
DMAP and 3-methoxypyridine.
This suggests that steric interac-
tions as presented in Figure 1c
may be operative in ortho-sub-
stituted pyridines, which results
in the shielding of the lone pair at the carbanion-like carbon
atom, thus reducing its interaction with the dione. The cis
form of the zwitterion is also supportive of the smooth reac-
tion of di-tert-butyl acetylenedicarboxylate given in
Scheme 5 because in such a configuration, the tBu group is
unable to exert a steric shielding effect on the lone-pair
region of the active carbon atom. On the other hand, attri-
bution of a trans structure to the zwitterion would have pre-
dicated it to lower reactivity towards di-tert-butyl acetylene-
dicarboxylate due to the presence of a steric shielding effect
from the tBu group in the lone-pair region of the active
carbon (Figure 1d). Although the steric effect is in favor of


the formation of the cis form of the zwitterion, the data in
Table 2 do not fully eliminate the possibility of the forma-
tion of the trans form.


Mechanism : Two probable mechanistic pathways for the
formal insertion of DMAD into benzil are depicted in
Scheme 6.[9] In path 1, the zwitterion adds to one of the car-


bonyls of benzil to form an alkoxide intermediate A. The
latter can transform into an epoxy derivative B, which then
unravels to the pyridinium ylide C. It is conceivable that in-
tramolecular benzoyl transfer followed by elimination of
pyridine can afford the final product. In path 2, a 1,2-migra-
tion of the benzoyl anion in A to form a pyridinium ylide E
and subsequent generation of a cyclopropane intermediate
F is conceived. Elimination of pyridine from F furnishes the
product.


To obtain support for the postulated reaction mechanism,
we resorted to theoretical calculations by using DFT. DFT
methods have been accepted as efficient and reasonably ac-


Scheme 5. Addition of di-tert-butyl acetylenedicarboxylate to benzil cata-
lyzed by pyridine.


Figure 1. a) The active “cis” and b) the inactive “trans” form of 1 with
the lone pair at the carbanion-like carbon atom. c) Steric effects in the
2,6-lutidine-derived zwitterion and d) the expected steric effect in the
trans form of the zwitterion derived from di-tert-butyl acetylenedicarbox-
ylate as the activated alkyne.


Scheme 6. Proposed mechanistic rationalization for the reaction. a) Path 1, b) path 2; Py=pyridine
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curate methods and they have become a powerful tool in
transition-state modelling, particularly for ground-state reac-
tions.[11, 12] We have selected the reaction of 2,3-butanedione
with DMAD and pyridine (Scheme 4) for the theoretical
study. Details of these calculations are discussed in the fol-
lowing section.


Theoretical calculations : All the molecular geometries were
optimized at the DFT level by using BeckeLs three-parame-
ter exchange functional in conjunction with the Lee–Yang–
Parr correlation functional (B3LYP)[13] as implemented in
the Gaussian 03 suite of programs.[14] For H, C, N and O
atoms, the 6-31G(d) basis functions were selected for solving
the Schrçdinger equation.[15] Normal coordinate analysis has
been performed to characterise all the stationary points. The
energy-minimum structures showed positive eigenvalues of
the Hessian matrix, whereas transition states (TSs) showed
one negative eigen value. All the transition states were com-
puted by using the Transit-Guided Quasi-Newton
(STQN;QST3) method.[16,17] For most TSs, the analysis in-
cluding the visualization of the negative frequency was suffi-
cient to specify the corresponding reaction path. In the case
of TS2, intrinsic reaction coordinate (IRC) calculations near
the TS region followed by geometry optimisation of both re-
actants and products were performed to confirm its connec-
tivity to reactant and product.[18] Zero-point energy (ZPE),
entropy corrections, thermal correction to enthalpy, and
thermal correction to Gibbs free energy were derived by
using unscaled frequencies and the usual approximations of
statistical thermodynamics (ideal gas, harmonic oscillator
and rigid rotor) at a temperature of 298.15 K and a pressure
of 1.00 atm. Furthermore, the solvation free-energy values
(Esolvation) along the reaction coordinate were evaluated from
the self-consistent reaction field (SCRF) procedure.[19] All of
the solvation calculations were performed at the B3LYP/6-
311++GACHTUNGTRENNUNG(2d,2p) level by using the geometries optimised at
the B3LYP/6-31G(d) level in the gas phase. The selected
SCRF procedure is the polarisable continuum model (PCM)
by using KlamtLs form of the conductor reaction field
(COSMO).[19–22] The standard state of a solution is taken as
1 molL�1 at 298.15 K, and an additional correction to the
free-energy terms is needed to convert the standard state of
an ideal gas (P0=1 atm) to the standard state of the solu-
tion (c0=1 molL�1) and this was obtained by adding the
term RTln(RT) to each free energy term (the value of this
correction is 1.8943 kcalmol�1 at 298.15 K). The relative
Gibbs free-energy values in the standard state of 1 molL�1


suitable for solution reactions have been used throughout
the text to describe the energetics. For zwitterionic systems,
the electron-localization features were explored by analyz-
ing their molecular electrostatic potential (MESP) at the
B3LYP/6-31G(d) level.[23–25]


Electronic features of pyridine, diester, and dione and the
formation of pyridine–dione and pyridine–diester adducts :
In the diester, the ester groups are in an orthogonal arrange-
ment whereas in the dione, the carbonyl groups prefer a


trans arrangement. The Csp2�Csp2 length of 1.550 Q in the
dione is unusually long for a bond between sp2-hybridized
carbon atoms, which suggests its electron deficiency due to
the localization of carbonyl groups. In pyridine, the nitrogen
lone pair is the HOMO, which indicates its nucleophilic
character. Attractive electrostatic interactions arise when
the pyridine nitrogen atom approaches the electron deficient
Csp2�Csp2 bond of the dione, which in turn leads to the for-
mation of a weak pyridine–dione complex (12). The enthal-
py change DH (enthalpy of product�enthalpy of reactant)
accompanying this associative reaction is found to be
�3.2 kcalmol�1, whereas the free-energy change DG at the
B3LYP/6-31G(d) level has a positive value of 3.2 kcalmol�1


due to the negative entropy factor. Furthermore, activation
of the Csp2�Csp2 bond of the dione in 12 is expected to lead
to the formation of the pyridine–dione covalent adduct con-
taining a N�C bond. However, all attempts to optimise the
adduct structure resulted in the formation of the weak com-
plex 12 (Figure 2). If such an adduct is formed, the negative


charge will be localized on the dione oxygen due to its con-
nectivity to the newly forming sp3 carbon atom, a situation
quite unfavourable for thermodynamic stability. Therefore,
the pyridine–dione interaction is irrelevant from a mechanis-
tic point of view.


Similar to the pyridine–dione complex, pyridine–diester
complex 13 is formed when the pyridine nitrogen atom is at-
tracted towards the ester group of the diester (Figure 2).
This complex formation is exothermic by 1.6 kcalmol�1,
whereas the negative entropy factor gives an endergonic
value of 4.4 kcalmol�1 at the B3LYP/6-31G(d) level.


Zwitterionic complexes : From 13, a zwitterionic complex 14
(Figure 3a) is formed when the pyridine nitrogen interacts
covalently with the acetylenic triple bond. This can even be
considered as the Michael-type addition of the nitrogen
atom of pyridine to one of the two conjugated positions of
DMAD. Complex 14 is a Huisgen zwitterion-type species
and similar species have been proposed as intermediates in
polar cycloaddition reactions.[12a] In complex 14, the ester
groups are in a cis arrangement with respect to the C=C


Figure 2. Pyridine–dione and pyridine–diester complexes. Bond lengths
are given in angstroms [Q].
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double bond (a trans arrangement of the ester groups is less
stable than the cis arrangement by 2.0 kcalmol�1). The
MESP picture of 14 (Figure 3b) gives a clear idea of its zwit-
terionic character, wherein the pyridine ring is positively
charged (red region) and the negatively charged carbon
atom (blue region) is evident on the DMAD moiety. A
MESP minimum value of �61.9 kcalmol�1 is observed for
this carbon atom, which is nearly equal to the MESP mini-
mum value calculated for pyridine (�62.4 kcalmol�1); this
clearly suggests that the DMAD moiety possesses the char-
acter of a stabilised carbanion. Therefore, a high nucleophil-
ic reactivity in the s-plane is expected for the negatively
charged carbon atom (blue region in Figure 3b), whereas
the p-delocalization of the positive charge through the ring
atoms and the connected ester moiety (red region mainly
centred on the pyridine ring and ester moiety) contributes
towards its stability.


It can be noted that the formation of 14 from free pyri-
dine and diester is endothermic by 10.4 kcalmol�1. Because
it is an association reaction, the entropy factor is negative
and, therefore, a high value for the free-energy change
(22.3 kcalmol�1) is observed, which suggests that the ther-
modynamic factors are not very favourable for the reaction
in the gas phase and the observed formation of complex 14
in the experiment can be explained by invoking solvation ef-
fects and kinetic factors. Therefore, 14 is expected to be a
highly reactive short-lived zwitterionic intermediate. The ex-
periments conducted in the present work and the previous
reports on similar reactions are in favour of the above-men-
tioned observation.


The nucleophilic attack of Huisgen zwitterion 14 by its
carbanion on the electron deficient carbonyl carbon atoms
of the dione is considered as the next step of the reaction
and this would lead to the formation of zwitterionic complex
15 (Figure 4). Energetically, complex 15 is quite stable as its
formation from 14 and dione is exothermic by 7.9 kcalmol�1,
whereas the free energy of the reaction shows a decrease by
1.5 kcalmol�1. It can be noted that with respect to the elec-
tronic energy, enthalpy and free energy of (pyridine+


dione+diester), the corresponding relative values of 15 are
�0.5, 2.5 and 23.8 kcalmol�1, respectively. The free-energy
change observed for 15 in the gas phase is quite large as it is
built from three small molecules. By starting from complex
15, two mechanistic possibilities will be discussed.


Mechanism 1: In the reactant complex 15, a further ap-
proach of the dione to the negatively charged carbon atom
in the zwitterion is expected to produce a C�C bond be-
tween the two moieties. However, a transition state (TS) lo-
cated for this process produced the structure TS1 (Figure 4),
which showed simultaneous formation of a C�C and C�O
bond. The structure of TS1 is quite similar to a TS typically
observed in a cycloaddition reaction and the present case
may be better described as resulting from a 1,4-dipolar cy-
cloaddition. The free energy of activation (DG#) for this
step is only 8.3 kcalmol�1 and the free energy of product 16
was found to be 18.2 kcalmol�1 lower than 15. It can be
noted that in 15, the pyridine moiety carries a positive
charge and when the C�C bond starts to develop in TS1 at
2.138 Q (see the structure of TS1), the negative charge will
be transferred to the carbonyl group of the dione moiety
and, correspondingly, the activation of this C�O bond
(1.260 Q in TS1) will occur. Hence, in TS1 there is a favour-
able electrostatic interaction between the negatively charged
dione oxygen atom and the positively charged pyridine
moiety. This may be the reason for the low activation barrier
for this reaction. Similar electrostatic stabilisation was re-
ported recently for a zwitterionic transition state corre-
sponding to the formation of a 1,3-dipolar cycloadduct of bis-
(phenylazo)stilbene.[24a] Compared to TS1, the charge is well
balanced in 16 and it is a normal neutral molecule, in which
the nitrogen shows a slight amount of pyramidalization. It
can be noted that the loss of aromaticity in the pyridine ring
of 16 is well compensated by the formation of two new
bonds, which accounts for the high exothermicity of this
step of the reaction. We have also determined the structure
of transition-state TS1 in the solvent phase (solvent=THF)
by using the PCM method and it is found that gas phase
structure is nearly preserved in solution (see the Supporting


Figure 3. a) Pyridine–diester zwitterionic adduct 14. Bond lengths are
given in angstroms [Q]. b) MESP pasted on the van der Waals surface of
14. The color coding from blue to red is �10.0 to +60.0 kcalmol�1.


Figure 4. 1,4-dipolar cycloaddition. Bond lengths are given in angstroms
[Q].
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Information). In other words, the formation of a zwitterionic
complex that would be more stable than the neutral bicyclic
compound 16 is not observed.[12e]


A structure similar to intermediate 16 was isolated in an
earlier work, in which the pyridine–DMAD zwitterion was
intercepted with N-substituted isatins,[7] which supports the
mechanism discussed so far. Further rearrangement of the
intermediate 16 is anticipated and the possibility of the
breaking of the newly formed C�O bond is assessed by lo-
cating TS2 (Figure 5). It can be seen that in TS2, the oxygen


atom disconnected from the pyridine ring interacts with the
C�C bond of the dione moiety at a distance of 2.253 Q. In
this TS, the original dione C�C bond is further activated to
a distance of 1.568 Q. The product from TS2 is expected to
be an epoxide. However, the geometry optimisation pro-
duced the structure 17, in which the original dione C�C
bond is found to be completely cleaved. The 16 to 17 con-
version required a DG# of
26.9 kcalmol�1 and this process
is exergonic by 9.6 kcalmol�1.


It can be noted that in 17, the
pyridine ring carries a positive
charge, which means that it is
zwitterionic in nature. Further,
17 is 9.6 kcalmol�1 more stable
than 16. The energetic stabilisa-
tion is interesting because nor-
mally a charge separated
system is expected to be less
stable than its neutral isomer.
In 17, we can see two ester
groups and one �OCOCH3


group, and each of these groups
is connected to a different sp2


carbon atom. This means that a
major share of the negative
charge of the zwitterion can de-
localise over all of these groups
via the sp2 carbon atoms and
the connected oxygen atoms.
From the bond-length features
of 17, it is felt that the carbon
atom connected to the nitrogen


atom is exposed to more electron density because the three
bonds on this carbon atom are more like single bonds.
Therefore, the C···C distance of 3.152 Q noted in the struc-
ture of 17 is expected to be the next hot region for a chemi-
cal change. This is indeed true because at the C···C distance
of 2.138 Q, TS3 is located, which yields complex 18
(Figure 6). Compared to 17, complex 18 is further stabilized


by 3.0 kcalmol�1 in free energy. The 17 to 18 conversion is
the result of a C�O bond breaking that leads to the migra-
tion of the CH3C=O group. The DG# of this step is only
4.4 kcalmol�1. The dissociation of pyridine from 18 is ex-
pected to be spontaneous as it releases 16.4 kcalmol�1 of
energy, which leads to the formation of the desired cis-1,2-
dialkoyl enoate 19.


The reaction profile, which shows the changes of enthalpy,
free energy and Esolvation is depicted in Figure 7.[26] The over-
all reaction is highly exothermic and exergonic and the rate-
determining step corresponds to the conversion of the bicy-


Figure 5. C�O bond breaking leading to a zwitterionic intermediate.
Bond lengths are given in angstroms [Q].


Figure 6. C�O bond breaking leading to �COCH3 migration. Bond
lengths are given in angstroms [Q].


Figure 7. Relative Gibbs free-energy values in the gas phase (*) and PCM level relative Esolvation values (&) ob-
tained for mechanism 1. The relative enthalpy profile in the gas phase is also given (~).
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clic intermediate 16 to the open system 17. Solvation plays
an important role as it gives more stability to transition
states relative to other minimum-energy structures. The sol-
vation effect is the largest for the transition-state TS2 locat-
ed for the rate-determining step and this in turn reduces the
activation barrier to a feasible value of 16.1 kcalmol�1.


Mechanism 2 : We have also considered the possibility of the
migration of the �COCH3 group in 16 to the nearby sp2


carbon atom. TS4 was located for this process, which yields
the 1,2-migration product 20 (Figure 8). The DG# of this
step is 27.2 kcalmol�1, which is only 0.3 kcalmol�1 higher in
energy than the 16 to 17 conversion discussed in mecha-
nism 1. Furthermore, the 16 to 20 conversion is endergonic
by 3.0 kcalmol�1, whereas the 16 to 17 conversion is exer-
gonic by 9.6 kcalmol�1. From 20, migration of the �COCH3


group to the sp2 carbon connected to the nitrogen atom is
also feasible as a TS located for such a reaction (TS5) re-
quired only a DG# value of 16.8 kcalmol�1 (Figure 8). The
product obtained from TS5 is the same compound 18 al-
ready located in mechanism 1. The reaction profile depicted
in Figure 9 also suggests that even in the presence of sol-
vent, this reaction required the highest activation energy of
24.3 kcalmol�1 (conversion of 16 to 20 through TS4).


It can be noted that TS2 of mechanism 1 yields a more
stable intermediate (17) than that which results from TS4 of
mechanism 2 (20). The conversion of 17 to the final product
19 is more facile than the conversion of 20 to 19 because the
former required an activation energy of only 2.4 kcalmol�1


compared with 11.3 kcalmol�1 for the latter (solvent phase
values). The solvation effect is clearly in favour of mecha-
nism 1 as the rate determining
step, which shows an activation
barrier of 16.1 kcalmol�1 that is
8.2 kcalmol�1 smaller than the
corresponding value obtained
for mechanism 2 (solvent
phase). Furthermore, if we
follow mechanism 2, the disso-
ciation of 16 to the starting ma-
terials is found to be easier
than the formation of inter-
mediate 20. On the basis of the
above results, it can be conclud-
ed that mechanism 1 is pre-
ferred over the competitive
mechanism 2 in both the gas
and solvent phases.


Molecular dynamics calcula-
tions : Although our experi-
ments and related studies in the
literature[10] strongly support
the formation of the zwitterion
14 as a transient species, the
credibility of the reported theo-
retical results depends on the


existence of complex 14 in the system. Although the gas-
phase relative free energy of 22.1 kcalmol�1 observed for
this system is rather high, the relative Esolvation value of
6.5 kcalmol�1 supports the formation of this species in the
reaction mixture. The high solvation effect is observed be-
cause of the zwitterionic character of the molecule. To gain
further support for this argument, we have analyzed the ki-
netic stability of 14 by simulated annealing techniques that
involve semiempirical Born–Oppenheimer molecular dy-
namics (BOMD) calculations at the PM3 level.[27] The simu-
lations were done for 1155 fs at a simulated temperature of
273 K. The default criteria used in the Gaussian 03 pro-


Figure 8. Mechanism 2 showing the 1,2-migrations of �COCH3. Bond
lengths are given in angstroms [Q].


Figure 9. Relative Gibbs free-energy values in the gas phase (*) and PCM level relative Esolvation values (&) ob-
tained for mechanism 2. The relative enthalpy profile in the gas phase is also given (~).
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gram[14] were used for setting up the initial conditions. At
about 1100 fs, the complex dissociated to pyridine and die-
ster units (Figure 10). Interestingly, the simulation also


showed the migration of a proton from the pyridine ring to
the negatively charged carbon atom (see the model shown
in the middle of Figure 10). The product from the proton
migration retained its structure for around 70 fs. The proton
migration was also studied at the B3LYP/6-31G(d) level,
which confirmed that the migration can take place with an
activation energy of 14.5 kcalmol�1 and the product of the
reaction was 4.8 kcalmol�1 less stable than 14.


The BOMD calculations are rather computationally ex-
pensive and more sophisticated ab initio or DFT simulations
were unaffordable. The results of the PM3 level BOMD
simulation support at least a 1 ps lifetime for the zwitterion
system 14. The proton migration in 14 indicates the high re-
activity of its negatively charged carbon atom. The proton
migration may be advantageous for the reaction because it
would increase the concentration of the active species in the
reaction mixture by preventing the quick dissociation of the
C�N bond.


On comparing the mechanistic postulates proposed with
those from theoretical calculations, the following conclu-
sions can be made. The experimental results and theoretical
calculations support the proposed formation of the zwitter-
ion 14 between pyridine and DMAD as the initial step. The
BOMD simulation strongly suggests that 14 is a highly reac-
tive species with a short lifetime in the order of pico sec-
onds. Instead of the zwitterion A as proposed in the mecha-
nistic postulate (Scheme 6), the formation of an adduct 16


between the zwitterion, generated from pyridine and
DMAD, and the dione is located by calculations (Figure 4).
The bicyclic adduct 16 is a locked system and the breaking


of the new C�O bond can only
happen in such a way that it
will lead to the cis product.
This is validated as the product
formed is exclusively the cis
isomer. Similarly, in place of
epoxy derivative B, a transition-
state TS2 is found in which the
C�C and C�O bonds are parti-
ally broken; this TS then pro-
ceeds to 17 (C in Scheme 6) in
which the original C�C dione
bond is completely cleaved.
Then, the acyl-group migration
takes place by the breaking of
the C�O bond (18 or D) fol-
lowed by elimination of pyri-
dine to give the products, which
are similar in both the suggest-
ed postulates and calculations.


In the second postulated
mechanism, the key intermedi-
ate in the calculation is also the
adduct 16. From 16, a 1,2-acyl
migration occurs which gives
the intermediate 20 (E). Instead
of the cyclopropane system F in


the proposed mechanism (Scheme 6), the transition state
TS5 is located by calculations in which simultaneous break-
ing of one C�C bond and formation of another C�C bond is
observed. The rest are the same in both the postulate and
the calculation. But the theoretical results predict that
mechanism 1 is preferred.


It can be noted that with respect to the central C�C bond
of 18, the ester groups have a cis arrangement and, there-
fore, the dissociation of pyridine from 18 would give the cis
product 19. However, considering the single-bond character
of the central C�C bond, there exists the possibility of the
rotation of this bond leading to the formation of a trans-
structure. The B3LYP/6-31G(d) level calculations showed a
value of 10.0 kcalmol�1 for the rotation of the C�C bond
for the formation of the trans isomer of 18, which was
0.7 kcalmol�1 less stable than the cis form (see the Support-
ing Information). Thus the thermodynamics are in favour of
the formation of cis product 19.


Conclusion


We have uncovered a novel reaction, in which acyclic 1,2-
diones add to an activated acetylene providing a unique syn-
thetic protocol for the stereoselective synthesis of 1,2-diaro-
yl maleates. The screening of various catalysts showed that
pyridine and substituted pyridines act as mediators for C�C


Figure 10. BOMD simulation showing the histogram of the C�N bond lengths. A proton is seen to migrate
from the pyridine ring to the negatively charged carbon atom after 70 fs. C�N bond lengths indicated are
a) 3.370, b) 1.455 and c) 1.479 Q.
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bond formation in these reactions. It was also shown that
the reaction works well with pyridine, 4-dimethylaminopyri-
dine (DMAP) and 3-methoxypyridine. A detailed study
with various solvents has shown that the reaction works well
in anhydrous 1,2-dimethoxyethane. It is noteworthy that the
reaction occurs by means of an unprecedented benzoyl/acyl
migration. The structural, electronic, energetic and mecha-
nistic details of the reaction are also unravelled by theoreti-
cal calculations, which strongly supported the exclusive for-
mation of the cis isomer, relative to 1,2-diaroyl maleates.
The negatively charged carbon atom of the transient species,
cis-zwitterion 14, was identified as the reactive centre that
upon coordination to the dione gives the fairly stable inter-
mediate product 16. This means that the transformation of
the transient species 14 to the stable intermediate 16 drives
the reaction in the forward direction. As we can see from
mechanism 1 (Figure 7), once 16 is formed, its decomposi-
tion to 14 and dione is less-favoured relative to the forma-
tion of 17 as the former process is endergonic, whereas the
later one is exergonic. Furthermore, the forward reaction
from 16 is more facile than the backward reaction. The ste-
reochemistry of the product 19 is thus mainly decided at the
beginning, when 16 is formed from the cis zwitterion. Al-
though the rotation of the central C�C bond in 18 can give
rise to a trans isomer of 19, the rotation itself requires an ac-
tivation energy of 10.0 kcalmol�1 and, therefore, the pre-
dominant formation of the cis isomer 19 is expected. The
solvent effect plays a major role in the facile formation of
the products as there is a substantial reduction in the activa-
tion barrier in all steps of the reaction, which is mainly at-
tributed to the increased stability of the highly charge-sepa-
rated transition states in the solvent phase.


Experimental Section


General information : Melting points were recorded on a Buchi melting
point apparatus and are uncorrected. NMR spectra were recorded at 300
(1H) and 75 MHz (13C), respectively, on a Bruker Avance DPX-300 MHz
NMR spectrometer. Chemical shifts are reported (d) relative to TMS
(1H) and CDCl3 (13C) as the internal standards. Coupling constants (J)
are reported in hertz (Hz). Mass spectra were recorded under EI/HRMS
(at 5000) resolution by using an Auto Spec. mass spectrometer. IR spec-
tra were recorded on Bomem MB Series FTIR spectrophotometer. Ele-
mental analyses were performed on Perkin–Elmer 2400 Elemental Ana-
lyzer.


Dimethyl (2Z)-2,3-dibenzoylbut-2-enedioate (7): Pyridine (20 mol%) was
added to a solution of benzil 6 (100 mg, 0.4762 mmol) and DMAD (3)
(82 mg, 0.5714 mmol) at �10 8C. The reaction mixture was allowed to
attain room temperature and was then stirred for 8 h. The solvent was
distilled off in vacuo by using a rotary evaporator, followed by column
chromatography as described in the general procedure to afford the
product 7 as a white crystalline solid (101 mg, 62%). M.p.: 138–140 8C
(recrystallized from a CH2Cl2/hexane mixture); 1H NMR: d=7.80 (d, J=


7.34 Hz, 4H), 7.56 (t, J=7.46 Hz, 2H), 7.41 (d, J=7.78 Hz, 4H),
3.81 ppm (s, 6H); 13C NMR: d= 189.9, 163.7, 141.6, 135.3, 134.2, 129.5,
128.7, 53.3 ppm; IR (KBr): ñ=2961, 1754, 1666, 1592, 1448, 1430,
1132 cm�1; elemental analysis calcd (%) for C20H16O6: C 68.18, H 4.58;
found: C 68.32, H 4.52.


Dimethyl (2Z)-2,3-diacetylbut-2-enedioate (9): Pyridine (20 mol%) was
added to a solution of 2,3-butanedione (8) (100 mg, 1.1628 mmol) and


DMAD (3) (198 mg, 1.3953 mmol) at �10 8C. The reaction mixture was
allowed to attain room temperature and was then stirred for 12 h. Re-
moval of the solvent followed by column chromatography as described in
the general procedure afforded product 9 as a viscous yellow liquid
(43 mg, 16%). 1H NMR: d=3.86 (s, 6H), 2.24 ppm (s, 6H); 13C NMR:
d=189.5, 165.1, 134.6, 44.0, 28.5 ppm; IR (KBr): ñ =2967, 1743, 1682,
1564, 1441, 1351, 1132 cm�1; HRMS (EI): m/z : calcd for C10H12O6:
228.0634 [M+]; found: 228.0663.


Di-tert-butyl (2Z)-2,3-dibenzoylbut-2-enedioate (11): Pyridine (20 mol%)
was added to a solution of benzil 6 (100 mg, 0.4762 mmol) and di-tert-
butyl acetylenedicarboxylate 10 (129 mg, 0.5714 mmol) at �10 8C. The re-
action mixture was allowed to attain room temperature and was then
stirred for 12 h. Removal of the solvent followed by column chromatog-
raphy afforded product 11 as a crystalline white solid (110 mg, 48%).
M.p.: 145–147 8C (recrystallized from a CH2Cl2/hexane mixture);
1H NMR: d=8.01 (d, J=7.32 Hz, 4H), 7.58–7.51 (m, 6H), 1.14 ppm (s,
18H); 13C NMR: d=191.2, 161.8, 142.2, 136.0, 133.7, 128.9, 128.7,
27.3 ppm; IR (KBr): ñ =2943, 1751, 1672, 1579, 1443, 1406, 1126 cm�1;
HRMS (EI): m/z : calcd for C26H28O6: 436.1886 [M+]; found: 436.1904.
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Conformationally Restricted Dipyrromethene Boron Difluoride (BODIPY)
Dyes: Highly Fluorescent, Multicolored Probes for Cellular Imaging


Qingdong Zheng,* Gaixia Xu, and Paras N. Prasad*[a]


Introduction


Fluorescence microscopy is one of the most versatile imag-
ing techniques in biomedical research, and allows the nonin-
vasive imaging of cells and tissues with molecule specificity.
Consequently, fluorescent probes that have high fluores-
cence quantum yields and that emit light of various colors
are in great demand because of the key role they play in
fluorescence microscopy.[1–4] So far, cyanine dyes have at-
tracted much attention in fluorescence imaging, owing to
the easy tunability of their absorption and emission wave-
lengths up to several hundred nm.[5] However, these cyanine
chromophores often have low fluorescence quantum yields
(less than 10–15%), which limits their applications. In con-
trast, dipyrromethene boron difluoride (BODIPY) dyes gen-
erally have high fluorescence quantum yields as well as in-
tense absorption.[6,7] To label specific biological targets, func-
tional groups can be introduced to the BODIPY core, while
retaining their inherent properties. The meso position of
BODIPY dyes has often been used as a connection into
which aryl substitutes with various functionalities can be


easily introduced.[8,9] Although arylation at the BODIPY
meso position does not have much effect on the linear ab-
sorption and emission wavelengths, different sterical config-
urations between the aryl group at the meso position and
the BODIPY core may greatly affect other photophysical
properties of these dyes. For example, the fluorescence
quantum yield of meso-phenyl compound PY1 is much less
than that of its more substituted analogue PY2
(Scheme 1).[10,11] At the same time, compound PY2 shows
hypsochromically shifted absorption and emission compared
with PY1. Such differences are widely attributed to b sub-
stituents that prevent free rotation of the phenyl group and,
therefore, reduce the loss of energy from excited states via
nonirradiative molecular relaxation. The two methyl groups
at the b positions also lead to an increase in the dihedral
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Scheme 1. Chemical structures and photophysical properties of PY1 and
PY2. f is the fluorescence quantum yield, lmax is the linear absorption
spectrum maximum, and Emax is the linear emission spectrum maximum.
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angle between the BODIPY core and the phenyl group,
which results in blue-shifted absorption and emission spec-
tra.[12] These results suggest that the introduction of a more
bulky aryl group, such as a naphthalenyl group, may further
increase the fluorescence quantum yields for these kinds of
dyes because free rotation of the naphthalenyl group would
be more difficult.


With this consideration in mind, we report herein the
design and synthesis of two conformationally restricted
BODIPY dyes (2a,b) through the introduction of a naph-
thalenyl group at the meso position. For comparison purpos-
es, we also prepared two phenyl-substituted analogues
(1a,b). In addition, an attempt was made to tune the emis-
sion wavelengths of these conformationally restricted
BODIPY dyes to the near-IR range by derivatization
through condensation between the methyl groups at the a


positions and a substituted benzaldehyde. The linear and
nonlinear photophysical properties of these BODIPY dyes
were also investigated. Finally, the one- and two-photon cel-
lular imaging of cancer cells was demonstrated with the aid
of selected BODIPY dyes.


Results and Discussion


Synthesis : As depicted in Scheme 2, compounds 1 and 2
were synthesized in yields of 35 to 45% by reacting alde-
hydes with 3-ethyl-2,4-dimethylpyrrole (or 2,4-dimethylpyr-
role) in the presence of trifluoroacetic acid (TFA) and 2,3-
dichloro-5,6-dicyano-1,4-benzo-
quinone (DDQ), followed by
the addition of BF3·OEt2. As
shown in Scheme 3, compounds
3 and 4 were prepared by a
Knoevenagel-type condensation
reaction between 2b and 4-di-
methylaminobenzaldehyde in
the presence of acetic acid, pi-
peridine, and molecular sieves
in toluene. The products result-
ing from the single and double
condensation reactions could be
separated by using column
chromatography with dichloro-
methane as the eluent. All new


compounds were confirmed by 1H and 13C NMR spectrosco-
py, HRMS, and elemental analysis.


Crystal structures of 1a and 2a : Crystals suitable for X-ray
analysis were grown by slow evaporation of n-hexane into a
solution of 1a or 2a in dichloromethane. Cell parameters
and refinement details are summarized in Table 1. Note that
there is only one crystallographically independent molecule
in 1a, whereas there are two crystallographically independ-
ent molecules in 2a. Figure 1 shows that the angles of N1-
B1-N2 and F1-B1-F2 in both compounds indicate a tetrahe-
dral BF2N2 configuration, and are within the range of the
published data.[13,14] The average bond length of N1�C1 indi-
cates double-bond character, compared with the single-bond
character of N1�C4. For both compounds, there is strong p-
electron delocalization between the central six-membered
ring and the two adjacent pyrrole rings. However, almost no
p-electron delocalization is observed between the aryl group
at the meso position and the BODIPY core (indacene
plane), as indicated by the average length of the C5�C14
bond, which is almost the same length as a single C�C
bond. Figure 2 shows how the structures of 1a and 2a are
stabilized by p–p and C�H···p interactions.


It can be seen from the crystal structures that the inda-
cene planes of 1a and 2a are essentially planar. For both
compounds, the deviation of the pyrrole planes with respect
to each other and the central ring is typically only a few de-
grees. However, the indacene plane is almost perpendicular
to the aryl group at the meso position. On examining the di-
hedral angle between the phenyl/naphthalenyl group and in-


Scheme 2. Synthesis of BODIPY dyes 1a,b and 2a,b. i) TFA, CH2Cl2,
12 h, RT; ii) DDQ; iii) NEt3, BF3·OEt2.


Scheme 3. Synthesis of monostyryl- and distyryl-BODIPY dyes 3 and 4. i) Piperidine, AcOH, toluene, and mo-
lecular sieves, reflux, 24 h.
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dacene plane, we find a dihedral angle of 82.4(1)8 in 1a,
whereas in 2a this angle is 78.0(3) or 79.2 (3)8. The introduc-
tion of a naphthalenyl group leads to a small reduction in


the dihedral angle between the aryl group and indacene
plane, and a slight decrease in the C5�C14 bond length be-
tween the aryl group and indacene plane, from 1.496(1) N in
1a to 1.489(4) N in 2a.


Linear absorption and emission spectra : Linear absorption
spectra for compounds 1–4 in toluene were recorded on a
Shimadzu UV-3101 PC spectrophotometer. One-photon ex-
cited fluorescence spectra were measured in dilute solutions
by using a Jobin–Yvon FluoroLog-3 (model FL-3-11) spec-
trofluorometer and 10 mm path-length cuvettes. The fluores-
cence lifetimes for these compounds were measured by
using a high-speed streak camera with a resolution of 20 ps.


Table 2 summarizes the linear and two-photon absorption
(TPA) properties for 1a,b and 2a,b in toluene and shows
the linear absorption maxima, molar extinction coefficients,
emission maxima, Stokes shifts, fluorescence quantum
yields, fluorescence lifetimes, TPA peak, and TPA cross-sec-
tion peak values. Figure 3 depicts the linear absorption and
emission spectra for 1a,b and 2a,b in toluene. As shown in
the figures, the linear absorption and emission spectra for
dilute 1a,b and 2a,b in toluene are quite similar, except that
2a and 2b exhibit 3 nm red-shifted linear absorption and


Table 1. Crystallographic data and structure refinement for 1a and 2a.[a]


1a 2a


formula C22H23BF2N2O3 C52H50B2F4N4O6


Mr 412.23 924.58
cell system, space group triclinic, P1̄ monoclinic, P21/c
T [K] 90(2) 90(2)
a [N] 10.5126(9) 14.8040(6)
b [N] 10.628(1) 21.718(1)
c [N] 10.762(1) 16.782(1)
a [8] 102.117(2) 90.00
b [8] 101.129(1) 123.061(3)
g [8] 116.535(2) 90.00
V [N3] 993.7(2) 4522.0(3)
Z 2 4
1calcd [Mgm�3] 1.378 1.358
m [mm�1] 0.10 0.10
Rint 0.042 0.056
qmax [8] 29.6 26.0
R [F 2>2s ACHTUNGTRENNUNG(F 2)] 0.037 0.067
wR ACHTUNGTRENNUNG(F 2) 0.104 0.192
S 1.02 1.02
no. of reflns 5597 8896
no. of params 305 613
ACHTUNGTRENNUNG(D/s)max 0.002 <0.0001
D1max, D1min [eN


�3] 0.41, �0.22 0.90, �0.90


[a] Criterion for observed reflections: I>2s(I). Refinement on F 2.


Figure 1. Perspective views of 1a (left) and 2a (right), showing 50%
probability displacement ellipsoids. Selected bond lengths [N] and angles
[8] for 1a : F�B1 1.402(2), F2�B1 1.393(1), N1�C1 1.346(1), N1�C4
1.405(1), N1�B1 1.545(1), C1�C2 1.406(1), C2�C3 1.383(1), C3�C4
1.431(1), C4�C5 1.396(1), C5�C14 1.496(1), F2-B1-F1 108.67(8), F2-B1-
N2 110.49(9), F1-B1-N2 110.39(9), F2-B1-N1 110.65(9), F1-B1-N1
110.10(9), N2-B1-N1 106.52(8); selected bond lengths [N] and angles [8]
for 2a : F1�B1 1.398(3), F2�B1 1.386(3), N1�C1 1.349(3), N1�C4
1.403(4), N1�B1 1.549(4), C1�C2 1.405(4), C2�C3 1.379(4), C3�C4
1.432(4), C4�C5 1.398(4), C5�C14 1.489(4), F2-B1-F1 109.0(2), F2-B1-N2
110.9(2), F1-B1-N2 110.0(2), F2-B1-N1 111.1(2), F1-B1-N1 109.3(2), N2-
B1-N1 106.6(2).


Figure 2. Molecular packing in the crystal structures of 1a (left) and 2a
(right).


Table 2. Photophysical properties of compounds 1–4 in toluene.


emaxQ10
5


ACHTUNGTRENNUNG[m�1 cm�1]
lmax


[nm]
Emax


[nm]
Dn[a]


ACHTUNGTRENNUNG[cm�1]
f[b]


[%]
t[c]


[ns]
l2


max
[d]


[nm]
dTPA


[e]


[GM]


1a 0.97 504 517 498.9 60 3.7 950 82
2a 1.00 507 520 493.1 98 5.8 950 112
1b 0.94 527 542 525.1 78 5.1 990 109
2b 0.95 530 545 519.3 99 7.0 990 128
3 1.03 624 658 828.1 64 3.8 – –
4 1.05 714 752 707.7 40 2.8 – –


[a] Stokes shift. [b] Fluorescence quantum yield. Rhodamine 6G (94% in
methanol) was used as a reference for 1a,b and 2a,b,[15] Cresyl Violet
(54% in methanol) was used as a reference for 3,[16] and Nile Blue (26%
in ethylene glycol) was used as a reference for 4.[17] [c] Fluorescence life-
time, recorded at a resolution of 20 ps. [d] TPA peak wavelength. [e] TPA
cross-section peak value, 1 GM=10�50 cm4s per photon, experimental un-
certainty �15%.
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emission spectra. By examining the geometric arrangements
of 1a and 2a, one can see that the phenyl/naphthalenyl
group and the indacene plane are almost perpendicular to
each other, and that the dihedral angle between the phenyl
group and indacene plane (1a) is around 3 or 48 greater
than the angle between the naphthalenyl group and inda-
cene plane (2a), which may contribute to the bathochromi-
cally shifted absorption and emission spectra observed for
chromophores that contain a naphthalenyl group. Further-
more, the introduction of a 5-membered heteroaromatic
ring, such as a furan ring, at the meso position of the
BODIPY core leads to a decrease in the dihedral angle and
results in red-shifted linear absorption and emission spectra;
these results will be published elsewhere. However, com-
pounds 2a and 2b have higher fluorescence quantum yields
(98 and 99% for 2a and 2b, respectively) compared with 1a
and 1b (60 and 78% for 1a and 1b, respectively). The only
difference between 1a and 2a is the aryl group at the meso
position. From the crystal structures we know that these aryl
groups are actually perpendicular to the indacene plane. It
has been shown that the excited state of an aryl-substituted
BODIPY dye has a second, lower-energy minimum in which
the nonhindered aryl group rotates closer to the mean plane
of the BODIPY core, which itself undergoes some distor-
tion. This relaxed, distorted, excited-state conformation has


low radiative probability,[12] and is energetically less accessi-
ble in a BODIPY dye that has a more conformationally re-
stricted group in the meso position. Obviously, the naphtha-
lenyl group is more sterically hindered than the phenyl
group, which is the main reason that 2a has a fluorescence
quantum yield that is 63% greater than 1a. This explanation
is also valid in the case of 1b and 2b. The quantum yield of
2b in toluene is close to 100%, which is 27% greater than
that of 2a. To explore the fluorescence dynamics of these
chromophores, their fluorescence decay profiles in toluene
were collected. The fluorescence decay traces of these chro-
mophores could all be fitted by a single-exponential curve,
and the fitting results are listed in Table 2. The naphthalen-
yl-containing 2a and 2b have longer fluorescence lifetimes
compared with their phenyl analogues 1a and 1b. For exam-
ple, compound 2a has a fluorescence lifetime of 5.8 ns,
whereas compound 1a has a fluorescence lifetime of 3.7 ns.
Compounds 1 and 2 have a small Stokes shift in the range
of 493 to 525 cm�1. The monostyryl compound 3 and the dis-
tyryl compound 4 are both derived from 2b. As shown in
Figure 4, compound 3 has a linear absorption maximum at


l=624 nm and an emission maximum at l=658 nm. The
linear absorption band of 4 is centered at l=714 nm, and
the emission peak is located at l=752 nm. An extra styryl
group leads to more red-shifted linear absorption and emis-
sion spectra. The fluorescence quantum yields for 3 and 4
are 63 and 40%, respectively. Although these values are
smaller than the value for 2b, they are much higher than the
values for general cyanine dyes (<10–15%).[5] At the same
time, compounds 3 and 4 show decreased fluorescence life-
times compared with 2b, which is probably due to their
elongated p-conjugated system.


Two-photon absorption and emission spectroscopy: There
has been a lot of research focused on the development of
materials with large TPA and high fluorescence quantum
yields owing to their applications in two-photon bioimaging
and two-photon biosensing.[18–22] In Figure 3a, one can see


Figure 3. a) Linear absorption (10�5m) and b) emission (10�6m) spectra of
1a,b and 2a,b in toluene.


Figure 4. Linear absorption (c ; 10�5m) and emission (b ; 10�6m)
spectra of 3 and 4 in toluene.
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that 1a,b and 2a,b have no linear absorption above l=


600 nm. However, when these chromophores were excited
by a focused IR laser beam (l=730–1050 nm), we observed
strong frequency up-converted fluorescence. As shown in
Figure 5, the fluorescence spectrum for each compound is


exactly the same as that induced by one-photon excitation,
which indicates that this fluorescence is from the same fluo-
rescing excited state. However, measurements from laser-in-
tensity dependence studies of the fluorescence of 1a,b and
2a,b showed that the fluorescence results from TPA, be-
cause the emission intensity depends quadratically on the
excitation power (Figure 5, inset). Owing to the high fluores-
cence quantum yields of these chromophores, the TPA spec-
tra for 1a,b and 2a,b can be readily obtained by using the
two-photon excited (TPE) fluorescence method.[23] The TPA
action cross-section (fd) spectra for 1a,b and 2a,b are
shown in Figure 6. The TPA maximium is at l=950 nm for
both 1a and 2a (Figure 6a), which is a little less than twice
the wavelength of linear lmax. However, compound 2a has
an fd peak value of 110 GM, which is 124% larger than the
value for 1a (49 GM). One can see from Table 2 that the
fluorescence quantum yields for 1a and 2a are 60 and 98%,
respectively. Accordingly, compounds 1a and 2a have TPA
cross-sections of 82 and 112 GM, respectively. Similarly,
compound 2b has an fd peak value of 127 GM at l=


990 nm, which is 49% larger than the value for 1b (85 GM
at l=990 nm). The fluorescence quantum yields for com-
pounds 1b and 2b are 78 and 99%, respectively. Therefore,
compounds 1b and 2b have TPA cross-sections of 109 and
128 GM, respectively. A comparison between compounds 1a
and 2a and compounds 1b and 2b shows that ethyl substitu-
tions at the two b positions of the BODIPY core lead to a
bathochromically shifted TPA band and an increased TPA
peak value.


Selected compounds for cellular imaging : To test the practi-
cal applicability of these highly fluorescent probes, HeLa
(human cervix epitheloid carcinoma) cells were treated with
2b, 3, and 4 in water (containing 0.1% dimethylsulfoxide,
DMSO). Figure 7a, b, and c shows confocal microscopy
images of HeLa cells stained with 2b, 3, and 4, respectively,
and were obtained by excitation with l=514, 543, and
643 nm lasers, respectively. Figure 7, middle shows the corre-
sponding transmission images, and Figure 7, bottom shows
the overlays of the fluorescence and transmission images. As
can be seen in the images, these molecules can be easily
taken up by the cells. We did not observe any signs of mor-
phological damage to the cells upon treatment with these
chromophores for 2 to 4 h, which demonstrates their non-
toxicity. As shown herein, with chemical modification of
these conformationally restricted BODIPY dyes, tuning of
the fluorescence activity across the visible and into the near-
IR spectrum was achieved. These probes can be easily con-
jugated with biomacromolecules, such as antibodies and
DNAs, because they all contain acetic acid methyl ester
groups that can be converted into acetic acid groups by a
simple hydrolysis reaction.


Significant TPE fluorescence was observed from 2b as a
result of its high fluorescence quantum yield, although its
TPA cross-section is only moderate. Therefore, two-photon
scanning microscopy imaging was carried out on HeLa cells
treated with 2b. Figure 8a shows the two-photon scanning


Figure 5. Main graph: TPE fluorescence spectra for 1a,b and 2a,b (10�4m


in toluene). Inset: Fluorescence peak intensities versus laser intensity at
l=950 nm. *: 1a, slope=1.98; &: 2a, slope=1.93; ^: 1b, slope=2.01; ~:
2b, slope=2.02. These results demonstrate two-photon absorption.


Figure 6. Two-photon excitation spectra for a) 1a (*) and 2a (!) and
b) 1b (*) and 2b (!) in toluene.
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microscopy image, and Figure 8b depicts the localized spec-
trum of TPE fluorescence in cells treated with 2b and
DMSO (0.1%) in water and excited by a laser at l=


1028 nm. Compared with UV/Vis-excited imaging, this two-
photon imaging technique leads to the possibility of long-
term imaging of cellular processes and deep tissue penetra-
tion, and causes less photodamage because of the long-
wavelength excitation. These features enhance the potential
of BODIPY dyes for biological applications in multiplex
imaging and multiphoton microscopy, especially for complex
multi-imaging tasks.[22]


Conclusions


Novel fluorescent BODIPY dyes have been synthesized by
introducing a naphthalenyl group at the meso position of
the BODIPY core. A condensation reaction between 4-di-
methylaminobenzaldehyde and a methyl group at the a po-
sition of the BODIPY core afforded chromophores that
emitted in the red-color and near-IR regions. All new com-
pounds were characterized by using 1H and 13C NMR spec-
troscopy, HRMS, and elemental analysis. Compounds 1a
and 2a were further characterized by X-ray diffraction to
study the structure–property relationship of this class of
dyes. BODIPY dyes that had a naphthalenyl group at the
meso position exhibited increased fluorescence quantum
yields and longer excited-state lifetimes compared with
those that had a phenyl group at the meso position. This
effect is attributed to a reduction in the loss of energy from
nonirradiative molecular relaxation of the excited state for
chromophores with a naphthalenyl group because free rota-
tion is more difficult for a naphthalenyl group than for a
phenyl group. The red and near-IR spectrum BODIPY dyes
exhibit higher fluorescence quantum yields compared with
common cyanine dyes. The two-photon excitation spectra of
1a,b and 2a,b show that conformationally restricted
BODIPY dyes show increased TPE emission spectra com-
pared with dyes that have a phenyl group at the meso posi-
tion. The one- and two-photon fluorescence imaging of


living cells was successfully
demonstrated by using selected
BODIPY dyes. This work pres-
ents a novel type of optical
probe for biological applica-
tions, such as multiplex imaging
and multiphoton microscopy.


Experimental Section


Materials and instruments : All chemi-
cals were purchased from Aldrich and
were used without further purification.
1H and 13C NMR spectra were record-
ed on an Inova-500 spectrometer
(500 MHz) and a Gemini-300
(75 MHz), respectively. Elemental
analysis was carried by Atlantic Anal-
ysis Inc., Norcross, GA (USA). The
linear absorption spectra of dilute sol-


utions (10�5m in toluene) were recorded by using a Shimadzu UV-3101
PC spectrophotometer.


(4-Formylphenoxy)acetic acid methyl ester :[24] Anhydrous K2CO3 (17 g,
123 mmol) was added to a solution of 4-hydroxybenzaldehyde (10 g,
82 mmol) in dry acetone (120 mL), then ethyl bromoacetate (10.9 mL,
120 mmol) was added dropwise at room temperature. The mixture was
heated at reflux for 4 h, then filtered and the solvent was removed under
reduced pressure. The residue was dissolved in AcOEt (50 mL), then
washed with NaOH (2n) and water. The organic layer was dried over an-
hydrous Na2SO4, filtered, and the solvent was removed under reduced
pressure to give the title compound as a white solid that was sufficiently
pure to be used in the following step (9.5 g, 45.7 mmol, 92%). 1H NMR


Figure 7. Top: Confocal microscopic images of HeLa cells treated with
a) 2b, b) 3, and c) 4. Confocal microscopy images were obtained by using
laser excitation at l =514 (2b), 543 (3), and 643 nm (4). Middle: The cor-
responding transmission images. Bottom: Overlays of the fluorescence
and transmission images. All scale bars are 47.62 mm long.


Figure 8. a) Two-photon confocal microscopic image and b) localized spectrum of the TPE fluorescence of
HeLa cells treated with 2b. Confocal microscopy image and two-photon fluorescence were obtained by using
laser excitation at l=1028 nm. The scale bar is 47.62 mm long.
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(500 MHz, CDCl3, 25 8C, TMS): d=9.90 (s, 1H), 7.85 (d, J=9.0 Hz, 2H),
7.01 (d, J=9.0 Hz, 2H), 4.73 (s, 2H), 3.82 ppm (s, 3H); 13C NMR
(125 MHz, CDCl3, 25 8C, TMS): d=190.6, 168.5, 162.6, 131.9, 130.9,
114.9, 65.1, 52.4 ppm.


4-Formylnaphthalene-1-yloxyacetic acid methyl ester :[25] The synthesis of
this precursor is analogous to that of (4-formylphenoxy)acetic acid
methyl ester (92%). 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d=10.22
(s, 1H), 9.29 (d, J=8.0 Hz, 1H), 8.43 (d, J=8.0 Hz, 1H), 7.89 (d, J=


8.0 Hz, 1H), 7.72 (t, J=8.0 Hz, 1H), 7.61 (t, J=8.0 Hz, 1H), 6.79 (d, J=


8.0 Hz, 1H), 4.92 (s, 2H), 3.85 ppm (s, 3H); 13C NMR (75 MHz, CDCl3,
25 8C, TMS): d=192.2, 168.3, 138.8, 131.9, 129.8, 126.7, 125.8, 125.4,
124.8, 122.5, 103.6, 65.4, 52.5 ppm.


General procedure for the preparation of 1a,b and 2a,b : Benzaldehyde
(5 mmol) and 2,4-dimethylpyrrole (10 mmol) were dissolved in dry
CH2Cl2 (250 mL) under an argon atmosphere. One drop of TFA was
added and the solution was stirred overnight at room temperature. After
complete consumption of the aldehyde (monitored by TLC; silica,
CH2Cl2 eluent), a solution of DDQ (5 mmol) in CH2Cl2 was added with
stirring. Triethylamine (14.3 mmol) was added to the resulting solution,
followed by BF3·OEt2 (19.8 mmol). The mixture was stirred for 40 min,
then washed with water. The aqueous solution was extracted with
CH2Cl2, and the combined organic fractions were dried over Na2SO4, fil-
tered, and the solvent evaporated under reduced pressure. The crude
compound was purified by flash chromatography (silica gel, CH2Cl2
eluent).


1,3,5,7-Tetramethyl-8-(4-methoxycarbonylmethyloxyphenyl)-4,4’-difluoro-
boradiazaindacene (1a): Red crystalline solid (0.72 g, 35%). 1H NMR
(500 MHz, CDCl3, 25 8C, TMS): d=7.20 (d, J=8.5 Hz, 2H), 7.03 (d, J=


8.5 Hz, 2H), 5.98 (s, 2H), 4.70 (s, 2H), 3.83 (s, 3H), 2.55 (s, 6H),
1.41 ppm (s, 6H); 13C NMR (75 MHz, CDCl3, 25 8C, TMS): d=168.9,
158.3, 155.4, 143.1, 141.3, 131.7, 129.4, 128.2, 121.2, 115.3, 65.3, 52.3, 14.6,
14.5 ppm; HRMS: m/z : calcd for C22H23BF2N2O3: 412.1764; found:
412.1769; elemental analysis calcd (%) for C22H23BF2N2O3: C 64.10, H
5.62, N 6.80; found: C 64.13, H 5.63, N 6.80.


2,6-Diethyl-1,3,5,7-tetramethyl-8-(4-methoxycarbonylmethyloxyphenyl)-
4,4’-difluoroboradiazaindacene (1b): Red crystalline solid (0.87 g, 37%).
1H NMR (500 MHz, CDCl3, 25 8C, TMS): d =7.19 (d, J=8.5 Hz, 2H),
7.02 (d, J=8.5 Hz, 2H), 4.71 (s, 2H), 3.83 (s, 3H), 2.53 (s, 6H), 2.30 (q,
J=7.5 Hz, 4H), 1.31 (s, 6H), 0.98 ppm (t, J=7.5 Hz, 6H); 13C NMR
(75 MHz, CDCl3, 25 8C, TMS): d=169.0, 158.2, 153.6, 139.7, 138.3, 132.7,
131.0, 129.6, 129.1, 115.2, 65.3, 52.3, 17.0, 14.6, 12.5, 11.8 ppm; HRMS: m/
z : calcd for C26H31BF2N2O3: 468.2390; found: 468.2391; elemental analy-
sis calcd (%) for C26H31BF2N2O3: C 66.68, H 6.67, N 5.98; found: C
66.50, H 6.62, N 6.00.


1,3,5,7-Tetramethyl-8-(4-methoxycarbonylmethyloxynaphthalen-1-yl)-4,4’-
difluoroboradiazaindacene (2a): Dark red crystalline solid (0.88 g, 38%).
1H NMR (500 MHz, CDCl3, 25 8C, TMS): d =8.42 (d, J=8.5 Hz, 1H),
7.73 (d, J=8.5 Hz, 1H), 7.54 (t, J=7.5 Hz, 1H), 7.47 (t, J=7.5 Hz, 1H),
7.26 (s, 1H), 6.81 (d, J=8.0 Hz, 1H), 5.93 (s, 2H), 4.89 (s, 2H), 3.86 (s,
3H), 2.58 (s, 6H), 1.10 ppm (s, 6H). 13C NMR (75 MHz, CDCl3, 25 8C,
TMS): d=168.8, 155.5, 154.5, 143.0, 140.1, 132.8, 132.3, 128.0, 126.3,
125.7, 124.7, 122.4, 121.1, 104.8, 65.6, 52.3, 14.6, 14.0 ppm; HRMS: m/z :
calcd for C26H25BF2N2O3: 462.1921; found: 462.1926; elemental analysis
calcd (%) for C26H25BF2N2O3: C 67.55, H 5.45, N 6.06; found: C 67.55, H
5.46, N 6.01.


2,6-Diethyl-1,3,5,7-tetramethyl-8-(4-methoxycarbonylmethyloxynaphtha-
len-1-yl)-4,4’-difluoroboradiazaindacene (2b): Dark red crystalline solid
(1.17 g, 45%). 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d =8.42 (d, J=


8.5 Hz, 1H), 7.75 (d, J=8.5 Hz, 1H), 7.54 (t, J=7.5 Hz, 1H), 7.46 (t, J=


7.5 Hz, 1H), 7.26 (s, 1H), 6.81 (d, J=8.0 Hz, 1H), 4.90 (s, 2H), 3.87 (s,
3H), 2.56 (s, 6H), 2.25 (q, J=7.5 Hz, 4H), 1.01 (s, 6H), 0.94 ppm (t, J=


7.5 Hz, 6H); 13C NMR (75 MHz, CDCl3, 25 8C, TMS): d =168.9, 154.3,
153.7, 138.4, 138.2, 133.0, 132.6, 131.6, 127.9, 126.6, 126.2, 125.8, 125.6,
125.0, 122.3, 104.8, 65.6, 52.3, 17.0, 14.6, 12.5, 11.2 ppm; HRMS: m/z :
calcd for C30H33BF2N2O3: 518.2547; found: 518.2549; elemental analysis
calcd (%) for C30H33BF2N2O3: C 69.51, H 6.42, N 5.40; found: C 69.40, H
6.36, N 5.35.


Monostyryl- and distyryl-BODIPY dyes (3 and 4): 4-Dimethylaminobenz-
aldehyde (0.29 g, 2 mmol), 2b (0.52 mg, 1 mmol), glacial acetic acid
(0.7 mL), and piperidine (0.8 mL) were heated at reflux for 24 h in dry
toluene (50 mL) in the presence of a small amount of activated 4 N mo-
lecular sieves. The mixture was cooled to room temperature, the solvents
were removed under reduced pressure, and the crude product was placed
on a silica column and eluted with methylene chloride. The blue-colored
fraction was collected and recrystallized from methylene chloride/metha-
nol to give 3 as a glossy red powder (0.123 g, 19%), and the green-col-
ored fraction was collected and the solvent was removed under reduced
pressure to give 4 as a black crystalline solid (0.062 g, 8%).


Monostyryl-BODIPY 3 : 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d=


8.42 (d, J=8.5 Hz, 1H), 7.78 (d, J=8.5 Hz, 1H), 7.61 (d, J=16.5 Hz,
1H), 7.55–7.50 (m, 3H), 7.46 (t, J=7.5 Hz, 1H), 7.28 (s, 1H), 7.20 (d, J=


16.5 Hz, 1H), 6.81 (d, J=7.5 Hz, 1H), 6.71 (d, J=9.0 Hz, 2H), 4.91 (s,
2H), 3.87 (s, 3H), 3.02 (s, 6H), 2.60 (s, 3H), 2.56–2.53 (m, 2H), 2.28–2.22
(m, 2H), 1.10 (t, J=7.5 Hz, 3H), 1.03 (s, 3H), 1.01 (s, 3H), 0.95 ppm (t,
J=7.5 Hz, 3H); 13C NMR (125 MHz, CDCl3, 25 8C, TMS): d=169.0,
154.2, 150.8, 136.2, 133.3, 128.7, 127.8, 127.0, 126.2, 126.1, 125.8, 125.6,
125.2, 122.2, 112.2, 104.8, 65.6, 52.4, 40.3, 18.4, 17.1, 14.6, 14.0, 11.3,
11.0 ppm; HRMS: m/z : calcd for C39H42BF2N3O3: 649.3396; found:
649.3390; elemental analysis calcd (%) for C39H42BF2N3O3: C 72.11, H
6.52, N 6.47; found: C 71.96, H 6.49, N 6.42.


Distyryl-BODIPY 4 : 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d=8.43
(d, J=8.0 Hz, 1H), 7.81 (d, J=8.0 Hz, 1H), 7.67 (d, J=16.0 Hz, 2H),
7.56–7.52 (m, 4H), 7.46 (t, J=8.0 Hz, 1H), 7.29–7.27 (m, 4H), 7.21 (d,
J=16.0 Hz, 2H), 6.81 (d, J=8.0 Hz, 1H), 6.75 (d, J=8.0 Hz, 2H), 4.91 (s,
2H), 3.87 (s, 3H), 3.03 (s, 12H), 2.55–2.52 (m, 4H), 1.11 (t, J=7.5 Hz,
6H), 1.03 ppm (s, 6H); 13C NMR (75 MHz, CDCl3, 25 8C, TMS): d=


169.2, 154.6, 150.7, 136.1, 130.6, 128.8, 126.1, 125.4, 122.2, 116.2, 112.3,
104.8, 65.7, 52.3, 40.4, 17.9, 14.0, 11.0 ppm; HRMS: m/z : calcd for
C48H51BF2N4O3: 780.4017; found: 780.4026; elemental analysis calcd (%)
for C48H51BF2N4O3: C 73.84, H 6.58, N 7.18; found: C 73.39, H 6.72, N
7.04.


X-Ray crystallography : A crystal of 1a or 2a was mounted on the dif-
fractometer, and data were collected at 90 K. The reflection intensities
were collected by using a Bruker APEX II CCD diffractometer installed
at a rotating anode source (MoKa radiation, l=0.71073 N) and equipped
with an Oxford Cryosystems nitrogen flow apparatus. The collection
method involved 0.38 scans in w at 208 in 2q. Data integration up to a
resolution of 0.70 N was carried out by using SAINT V7.34[26a] with re-
flection spot size optimization. Absorption corrections were made with
the program SADABS.[26a] The structure was solved by using the direct
methods procedure and refined by using least-squares methods against F2


with SHELXS-97 and SHELXL-97.[26b] Nonhydrogen atoms were refined
anisotropically, and hydrogen atoms were allowed to ride on the respec-
tive atoms. Crystal data and details of the data collection and refinement
for 1a and 2a are summarized in Table 1. CCDC-678553 (1a) and
-678554 (2a) 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.


Fluorescence properties and fluorescence quantum yields : Steady-state
fluorescence spectroscopic studies were performed by using a Jobin–
Yvon Fluorolog-3 (model FL-3-11) spectrofluorometer. The relative
quantum yields of fluorescence of 1a,b and 2a,b were obtained by com-
paring the area under the corrected emission spectrum of the test sample
with that of a solution of Rhodamine 6G in methanol, which has a quan-
tum yield of 94% according to the literature.[15] The relative quantum
yields of 3 and 4 were obtained by using Cresyl Violet (54% in metha-
nol)[16] and Nile Blue (26% in ethylene glycol),[17] respectively, as exter-
nal references. For the fluorescence experiments, dilute solutions with an
optical density of below 0.2 at the absorption maximum were used.


TPA measurements : The TPA spectra were determined by using laser
pulses with a repetition rate of 80 MHz, a pulse duration of about 140 fs,
and a wavelength range of l=680–1080 nm that was generated by a
mode-locked Ti/sapphire laser (Chameleon Ultra II, Coherent, Inc.). All
data were obtained in toluene (100 mm) by using the TPE fluorescence
method with Rhodamine B (100 mm in methanol) as a reference.[23]
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In vitro cellular imaging with tumor cells : HeLa cells (American Type
Culture Collection, Manassas, VA) were cultured in minimum essential
medium (MEM) supplemented with 10% fetal bovine serum (FBS), ac-
cording to the instructions supplied by the vendor. The cells were trypsi-
nized and resuspended in MEM alpha medium with 10% FBS at a con-
centration of 7.5Q105 cellsmL�1, then plated in 35 mm culture plates by
using 2.5 mL of medium that contained 0.10 mL of the cell suspension.
The plates were incubated overnight at 37 8C under a 5% CO2 atmos-
phere. Then the cells (50% confluency) were carefully rinsed with phos-
phate-buffered saline (PBS), and the medium (2.0 mL), which contained
the aqueous dispersion (80 mL) also containing solutions of selected com-
pounds (10�4m) in 2.5% DMSO, was added to plate and mixed gently.
The treated cells were reincubated for 1 h. Then the plates were rinsed
three times with sterile PBS, and fresh media were added. The cells were
then directly imaged by using a Leica laser scanning confocal inverted
microscope (TCS SP2, Leica Microsystems Semiconductor GmbH). This
microscope was equipped with multiple visible laser lines (l=514, 543,
and 633 nm) for one-photon excitation and confocal imaging, and a Ti/
sapphire laser (Chameleon Ultra II, Coherent, Inc.) for two-photon exci-
tation (l=1028 nm). The lightsource under the microscope was con-
trolled by using neutral-density filters and was maintained at 10 mW for
the two-photon imaging process. A 63.0Q oil immersion objective (HCX
PL APO CS, 63Q , NA 1.40) was used for all cell-imaging processes.
Three different imaging channels at l =520–580, 600–690, and 710–
780 nm were used for 2b, 3, and 4, respectively, to remove the scattering
influence from the excitation lights.
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Introduction


Anion recognition continues to receive considerable atten-
tion from the supramolecular chemistry community.[1] Prog-
ress in this area has lead to the design of a variety of selec-
tive receptors with very different purposes, that is, binding
and transport of biologically important compounds,[2,3] appli-
cation in the catalysis of organic reactions,[4] anion-template


reactions,[5,6] analytical chemistry[7] and the synthesis of re-
ceptors for selective anion transport and extraction.[8]


Amide,[9,10] polyamine[11] or polyammonium[12–14] macrocy-
clic and macrobicyclic receptors have been employed for
anion coordination. It is known that the strength and selec-
tivity of complexation between anions and polyammonium
receptors depends both on electrostatic interactions
(charge) and structural effects (topology and/or dimension-
ality),[15,16] so that the modification of size and shape of mac-
rocyclic receptors can be used to control the selectivity se-
quence through topological complementarity by arranging
the binding groups conveniently in a convergent and rigid
manner around the anions.[17] Moreover, the geometry of
the anion is also an important feature to be considered in
receptor design to achieve binding selectivity. No preference
for a specific geometry or a coordination number is ob-
served for the spherical halide anions, which can fit tetrahe-
dral, octahedral or other polyhedral coordinating environ-
ments offered by the polyammonium host.[17, 18] On the other
hand, oxoanions, such as NO3


� (trigonal planar) or HSO4
�


and H2PO4
� (tetrahedral), require geometrically defined co-


Abstract: In this paper, we report two
macrobicyclic receptors containing pyr-
idine head units derived from 1,10-
diaza-15-crown[5] (L1) or 4,13-diaza-
18-crown[6] (L2) that can be protonat-
ed in MeCN and used for anion recog-
nition. The interaction of these proton-
ated lateral macrobicycles with differ-
ent anions has been investigated by
means of spectrophotometric titrations
in MeCN. The association constants for
the complexes of halide anions with
the protonated macrobicycles follow
the sequences Cl�>Br�> I�>F� (L1)
and Cl�>F�> I�>Br� (L2), whereby
an increase of more than two logarith-
mic units is observed from F� to Cl�


for the binding constants of the recep-
tor derived from L1. The association
constants also indicate an important
degree of selectivity of these macrobi-
cyclic receptors for Cl� over Br� or I�.
The X-ray crystal structure analyses of
the chloride and bromide complexes
confirms the formation of the envis-
aged supramolecular complexes. More-
over, the binding constants indicate
that these receptors present a high sul-
fate-to-nitrate binding selectivity. The


stability trend observed for the recog-
nition of halide anions by the macrobi-
cycles presented herein as well as the
sulfate-to-nitrate binding selectivity
have been rationalised by means of
DFT calculations at the B3LYP/
LanL2DZ level. These studies indicate
that the especially high binding selec-
tivity for Cl� is the result of the opti-
mum fit between the protonated mac-
robicyclic cavity and the size of the
anion, whereas the sulfate-to-nitrate se-
lectivity results from shape comple-
mentarity between the hydrogen-bind-
ing acceptor sites on sulfate and the hy-
drogen-bond donors of the macrobicy-
cle.
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ordination environments, and selectivity can be achieved by
taking account of their geometrical features.[19,20]


Herein, we report an investigation of the anion-binding
affinity of the lateral macrobicycles L1 and L2 (Scheme 1) as


their protonated forms. Lateral macrobicycles are dissym-
metrical molecules structurally based on the combination of
two different binding subunits, a chelating one and a macro-
cyclic one.[21] Considering the peculiar structural features
shown by lateral macrobicycles, one could anticipate that
such macropolycyclic architectures offer a range of interest-
ing and potentially useful molecular recognition properties
for both cations and anions owing to the presence of conver-
gent binding groups that are specially arranged to match the
functionality of the guest molecule. Moreover, they offer the
advantage of being preorganised and therefore capable of
profiting from the thermodynamic macrobicyclic effect. It
has been shown that lateral macrobicycles behave as very
versatile receptors that can be used as platforms to obtain
homo- and heterometallic dinuclear complexes with many
different aims, that is, to induce processes of “push–pull” di-
metallic substrate activation[22] and as receptors for organic
molecules[23] or contact ion pairs.[24,25] However, to date the
recognition of anions by this type of receptor has remained
much less explored than cation recognition.[26] Receptors L1


and L2 (Scheme 1) contain a pyridine head unit and two ter-
tiary amine nitrogen atoms that may be all protonated and
thus used for anion recognition.[18,27] Furthermore, the two
secondary amine groups may act as additional hydrogen-
bond donors, as previously observed for different polyaza
macrocyclic receptors.[28] These NH groups can be hardly
protonated owing to delocalisation of the amine lone pair
into the aryl ring. Indeed, electrostatic interactions between
a negatively charged anion and a positively charged ligand


can influence and enhance binding.[12] Protonation of macro-
bicycles L1 and L2 is expected to provide up to five hydro-
gen-bond donors arranged in a somewhat spherical fashion.
Moreover, the presence of the protonated amine moieties is
expected to play a key role in anion complexation, providing
both hydrogen donor subunits and positively charged bind-
ing sites.


The combination of a pyridine ring with amide groups is
frequently used in anion recognition as a rigid framework in
which amide protons are involved in an intramolecular hy-
drogen bond with the nitrogen atom of the pyridine.[9] This
interaction preorganises and polarises the hydrogen-bond
donor groups to give a planar subunit with a positive partial
charge that shows high affinity for different anions. Howev-
er, in our case, and to achieve a greater receptor–anion af-
finity, we have used a more flexible and positively charged
moiety by introducing a protonated pyridine and secondary
amine groups, instead of amide groups. On the other hand,
the crown moiety has been incorporated into our receptors
because of its ability to increase their solubility in polar sol-
vents.


Results and Discussion


Synthesis and characterisation of the macrobicyclic recep-
tors : Receptors L1 and L2 were easily prepared by reduction
of the corresponding PbII perchlorate complexes of the
Schiff-base macrobicyclic precursors (2a and 2b, Scheme 1)
with sodium borohydride. The IR spectra of L1 and L2 do
not show imine stretches, but contain bands attributed to
the N–H stretching and bending modes at n = �3250 and
1605 cm�1, respectively, in agreement with the formation of
the expected amine macrobicycles. Moreover, the IR spectra
do not show bands corresponding to the nasACHTUNGTRENNUNG(Cl–O) stretching
mode of the perchlorate group,[29] indicating that reductive
demetallation of 2a and 2b has occurred. The FAB mass
spectra and 1H and 13C NMR spectroscopy data, together
with elemental analyses (see the Experimental Section) also
indicated the formation of the desired macrobicyclic recep-
tors.


Protonation studies : Protonation of L1 and L2 has been fol-
lowed by NMR and UV-visible spectroscopies in acetonitrile
at room temperature. Figure 1 shows a family of UV-visible
spectra recorded during the course of a titration of a 10�4m


solution of the corresponding macrobicyclic receptor with
trifluoroacetic acid in CH3CN. The UV-visible spectrum of
the free receptor L1 (Figure 1) shows two absorption bands
with maxima at l=252 nm (e= (24000�
400) dm3mol�1 cm�1) and 291 nm (e= (8500�
400) dm3mol�1 cm�1), which correspond to E2 and Bp* !


p


bands of the aromatic rings, respectively.[30] The spectrum of
L2 (Figure 1) is similar to that of L1, and displays bands at
l=251 nm (e= (24600�300 )dm3mol�1 cm�1) and 296 nm
(e= (70200�300) dm3mol�1 cm�1), together with a shoulder
at 267 nm. Upon addition of trifluoroacetic acid to solutions


Scheme 1. Syntheses of receptors L1 and L2.
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of the macrobicycles in acetonitrile, the intensity of both ab-
sorption maxima decreases while the band at higher energy
shifts to shorter wavelengths. The titration profiles
(Figure 1) clearly show two inflection points at CF3COOH/L
molar ratios of 1:1 and 2:1, which indicates the occurrence
of two protonation steps. Addition of excess trifluoroacetic
acid causes further changes in the titration profile, which
suggests a third protonation process. The data can be inter-
preted on the basis of Equations (1) to (3):


LþHþ Ð ½HL�þ b11 ð1Þ


Lþ2Hþ Ð ½H2L�2þ b12 ð2Þ


Lþ3Hþ Ð ½H3L�3þ b13 ð3Þ


A non-linear least-squares treatment of the titration pro-
files provides the following logb values: logb11=5.85(4),
logb12=9.7(1) and logb13=12.76(9) (L1) and logb11=6.9(1),
logb12=11.0(1) and logb13=14.2(1) (L2). The logb11 values


indicate that the first protonation step is more favourable in
the case of L2, which suggests that the larger macrocyclic
cavity size of L2, compared with that of L1, allows a stronger
intramolecular hydrogen-bonding interaction in the [HL2]+


species.
Protonation of the receptors was also monitored by


1H NMR spectroscopy. Addition of two equivalents of
CF3COOH to a 5R10�3m solution of L1 in CD3CN causes
drastic changes in the 1H NMR spectrum. The signal attrib-
uted to the benzylic protons, which is observed at d=


3.58 ppm in the spectrum of L1, experiences an important
downfield shift to d=4.25 ppm upon addition of two equiva-
lents of acid (Figure 2a and b). The signals attributed to the


protons of the phenyl units also shift downfield by 0.08–
0.24 ppm upon addition of two equivalents of acid, whereas
the proton signals of the pyridine units are less affected.
These results suggest that the first two protonation steps
correspond to the protonation of the two amine nitrogen
atoms of the crown moiety. A similar situation has been ob-
served for different Schiff-base lateral macrobicycles derived
from crown ethers.[31] Addition of excess CF3COOH
(8 equiv) causes further changes in the 1H NMR spectrum
(Figure 2). In particular, the proton signals of the pyridine
units undergo a downfield shift of 0.12–0.16 ppm, which sug-
gests that the third process involves the protonation of the
pyridine nitrogen atom. According to the protonation con-
stants determined from UV-visible titrations, under these
conditions the major species in solution is the triprotonated
form of the ligand (>97%).


Anion-binding studies : The interaction of the protonated re-
ceptors with different anions has been followed by means of
spectrophotometric titrations on 10�4m solutions of the re-


Figure 1. UV-visible absorption spectra recorded over the course of the
titration of a 10�4m solution of L1 (top) or L2 (bottom) with a standard
solution of CF3COOH in acetonitrile. Insets: titration profiles at selected
wavelengths.


Figure 2. 1H NMR spectra (300 MHz, 298 K, CD3CN) of a) a 5R10�3m


solution of L1, b) the same solution after the addition of 2 equiv
CF3COOH, c) after the addition of 8 equiv CF3COOH and d) after the
addition of 8 equiv CF3COOH and 1 equiv nBu4N


+Cl�.
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ceptors in acetonitrile in the presence of CF3COOH
(15 equiv). Under these conditions, the major species in so-
lution is the triprotonated form of the corresponding macro-
bicycle (�60% for L1 and �70% for L2). Owing to the low
value of the third protonation constant, a very large excess
of acid is required to ensure triprotonation of the receptors
at a concentration of 10�4m. For instance, L1 requires
�200 equivalents of acid to attain a concentration of
[H3L


1]3+ of �95%. Thus, the obtained binding constants are
weighted values of the binding constants with the different
species present in solution, as shown in Equations (4) and
(5):


½HnL�nþþX� Ð ½HnLX�ðn�1Þþ K11 ð4Þ


½HnL�nþþA� Ð ½HnLA�ðn�1Þþ K11 ð5Þ


in which X and A represent a halide anion or an oxoanion,
respectively. Addition of halide anions as their tetrabutylam-
monium salts causes appreciable modifications of the spec-


tral pattern. The tetrabutylammonium cation is highly dif-
fuse and does not bind to crown ethers.[32] Thus, the binding
constants observed with the tetrabutylammonium salts re-
flect the receptor–anion affinity. The family of UV-visible
spectra recorded over the course of the titrations of L1 and
L2 with Cl� are shown in Figure 3. Addition of Cl� increases
the intensity of the absorption maxima at �245 and 293 nm,
and in the case of L2, the intensity of the shoulder at 267 nm
increases as well. The titration profiles (Figure 3) indicate a
1:1 stoichiometry for the receptor–Cl� interaction. Addition
of F�, Br� or I� induces similar spectral changes (Figure 4).
A similar situation occurs for different oxoanions, such as
ClO4


�, NO3
�, HPO4


2� and HSO4
� (Figure 4). All of the titra-


tion data gave best-fit host-to-guest stoichiometries of 1:1, in
agreement with Job plots (see the Supporting Information)
indicating a maximum De at 0.5= [L]/([L]+ [A�]). In con-
trast, no spectral changes were observed when the neutral
hosts were titrated with the anions investigated in this work.
Thus, the neutral forms of macrobicycles L1 and L2 appear
to have a negligible affinity for these anions.


Figure 3. UV-visible absorption spectra recorded over the course of the
titration of a 10�4m solution of L1 (top) or L2 (bottom) in acetonitrile
with a standard solution of nBu4N


+Cl�in the presence of 15 equiv
CF3COOH. Insets: titration profiles at selected wavelengths.


Figure 4. UV-visible absorption spectral changes at 300 nm observed
during the course of the titration of F� (*), Cl� (*), Br� (!), I� (~),
HSO4


� (&), ClO4
� (&) and H2PO4


� (^) with standard 10�4m solutions of
L1 (top) and L2 (bottom) in acetonitrile in the presence of 15 equiv
CF3COOH.
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1H NMR spectroscopy confirms the recognition of halide
anions by these macrobicyclic receptors. Indeed, the addi-
tion of one equivalent of Cl� to a solution of [H3L


1]3+ (Fig-
ure 2c and d) induces significant changes in the position of
the signals attributed to the pyridine protons, which shift
downfield by �0.30 ppm. The signals attributed to the aro-
matic protons of the phenyl groups experience significant
highfield shifts. The spectral region between d=2.5 and
4.7 ppm becomes more complicated upon addition of Cl�,
probably because complexation of the anion increases the ri-
gidity of the receptor. Lowering the temperature to 273 K
results in a more clearly resolved spectrum that is in agree-
ment with an effective Cs symmetry in solution (see the Sup-
porting Information). Moreover, no substantial changes in
the spectrum have been observed upon cooling at 233 K,
which suggests symmetric binding of the guest to the macro-
bicycle.


Non-linear least-squares fits of the UV-visible titration
profiles allowed us to determine the binding constants listed
in Tables 1 and 2. Among the different anions investigated,


the highest affinity of receptors L1 and L2 is observed with
chloride. The association constants for the interaction of
halide anions with the protonated forms of macrobicycles L1


and L2 vary in the following order (Table 1) Cl�>Br�> I�>
F� (L1) and Cl�>F�> I�>Br� (L2), with an increase in the
binding constants by more than two logarithmic units from
F� to Cl� in the case of L1. This implies that the cavity size
of both receptors is suitable for complexation with Cl�. An
especially high affinity for Cl� versus F� has been previously
observed for quaternised-amine macrocycles.[15,33] However,
the binding trend observed for L1 and L2 towards halide
anions differs from that observed for polyamide cryptands
containing pyridine head units, which display the highest af-
finity for F�.[9e] The association constants given in Table 1
also indicate an important degree of selectivity of these
macrobicyclic receptors for Cl� over Br� or I�. A compari-
son of the solid-state structures of [(H3L


1)Cl]2+ and


[(H3L
1)Br]2+ and the DFT calculations described below sug-


gests that this can be, at least in part, attributed to a best
match between the anion guest and the macrobicyclic cavity
for Cl�. The lower stability of the F� complexes compared
with those of Cl� can be ascribed to the small size of the
anion, which does not allow interaction with the five hydro-
gen-bonding donor sites of the protonated macrobicycle
(see the DFT calculations below).


The binding constants reported in Table 2 indicate that
the affinity of these macrobicycles to NO3


� critically de-
pends on the size of the crown moiety. Indeed, receptor L1


shows very weak binding to this anion, whereas L2 shows a
rather strong interaction with NO3


�. This is probably be-
cause a larger size of the crown moiety fragment results in a
longer distance between the protonated pivotal nitrogen
atoms, so that the NO3


� anion can fit comfortably inside the
macrobicyclic cavity. The values shown in Table 2 also indi-
cate that these receptors exhibit a significant selectivity for
sulfate over the other oxoanions studied. The selectivity of
sulfate over phosphate, perchlorate and nitrate is particular-
ly important in the case of L1. 1H NMR spectroscopy con-
firms the binding of [H3L


1]3+ to HSO4
�. The addition of


HSO4
� (1 equiv) to a solution of [H3L


1]3+ (Figure 5) signifi-


cantly changes the position of the signals attributed to the
pyridine protons, which shift downfield by 0.36 ppm. The
signals attributed to the aromatic protons of the phenyl
groups also experience significant shifts. The 1H NMR spec-
tra of the adducts formed by [H3L


1]3+ with Cl� (Figure 2d)
and HSO4


� (Figure 5) are substantially different, which indi-
cates that the 1H signals of the proton nuclei of the macrobi-
cycle are sensitive to the shape of the bound anion. The se-
lectivity of L1 for sulfate over nitrate could arise from the
shape complementarity between the hydrogen-binding sites


Table 1. Binding constants (logK values) of the halide adducts with the
protonated forms of macrobicycles L1 and L2 obtained from
spectrophotometric titrations in CH3CN at 25 8C. LogK refers to
ACHTUNGTRENNUNG[HnL]


n+ +X�Q ACHTUNGTRENNUNG[HnLX](n�1)+ .[a]


F� Cl� Br� I�


L1 3.11(3) 5.15(1) 4.09(1) 3.82(2)
L2 4.22(3) 5.40(5) 3.75(1) 4.09(2)


[a] The errors given correspond to one statistical deviation.


Table 2. Binding constants (logK values) of the oxoanion adducts with
the protonated forms of macrobicycles L1 and L2 obtained from
spectrophotometric titrations in CH3CN at 25 8C. LogK refers to
ACHTUNGTRENNUNG[HnL]


n+ +A�Q ACHTUNGTRENNUNG[HnLA](n�1)+ .[a]


HSO4
� H2PO4


� ClO4
� NO3


�


L1 4.72(1) 3.78(5) 3.13(4) <1
L2 4.02(1) 3.48(3) 3.23(2) 3.36(1)


[a] The errors given correspond to one statistical deviation.


Figure 5. 1H NMR spectra (300 MHz, 298 K, CD3CN) of a 2R10�3m solu-
tion of L1 after the addition of 8 equiv CF3COOH (bottom) and the
same solution after the addition of 1 equiv nBu4N


+HSO4
� (top).
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on HSO4
� and the hydrogen-bond donors of the macrobicy-


cle.
X-ray crystal structure analyses of the chloride and bro-


mide complexes of the polyammonium receptor [H3L
1]3+


confirm the formation of genuine 1:1 supramolecular com-
plexes. Single crystals of formula [(H3L


1)Cl]Cl· ACHTUNGTRENNUNG(ClO4) (1)
and [(H3L


1)Br](Br)2·MeOH (2) suitable for X-ray diffraction
were grown by slow evaporation of a solution of L1 in
MeOH in the presence of excess aqueous HCl or HBr. In
the case of the chloride adduct, perchloric acid was also
added to favour crystallisation. As shown in Figure 6, the or-


ganic receptor crystallises in its triprotonated form, and one
halide anion is included in its cavity. This endocyclic halide
anion is held within the macrobicyclic cavity by four NH···X
hydrogen bonds involving the anion and the two endo-ori-
ented protonated pivotal nitrogen atoms, the protonated
pyridine nitrogen atom and one of the secondary aniline
groups. Selected geometrical parameters for NH···X (X=


Cl� or Br�) interactions are given in Table 3. The fifth NH
group of the macrobicyclic cage N3 points outward and is
involved in a weak hydrogen-bonding interaction with an


exocyclic halide anion (1: N3···Cl2 3.411(2) V, N3�H(3N)
0.82(3) V, H(3N)···Cl2 2.73(3) V, N3�H(3N)···Cl2 142(3)8 ;
2 : N3···Br2 3.460(4) V, N3�H(3N) 0.87(6) V, H(3N)···Br2
2.75(6) V, N3�H(3N)···Br2 140(5)8). The counterions and
solvent molecules are associated with each other through
hydrogen-bonding networks that stabilise the crystal pack-
ing.


The related macrobicyclic ditopic amide ligands reported
by Smith et al.[24,25] contain an alkali cation coordinated to
the crown moiety, and the halide anion is only involved in a
hydrogen-bonding interaction to two amide NH groups. In
such cases, the driving force for anion recognition is the for-
mation of a contact ion pair between the anion and the
alkali cation. In our polyammonium receptors [H3L


1]3+ and
[H3L


2]3+ , the electrostatic interaction between the anion and
the protonated sites of the macrobicycle appears to be re-
sponsible for anion binding.


The aromatic rings of the receptor show a stair-like con-
formation in both cases. In 1, the dihedral angle between
the pyridine ring and the plane containing the benzyl ring
attached to N5 is 84.4(1)8, whereas the angle formed with
the plane containing the second aromatic ring is 86.9(1)8.
The corresponding values in the bromide adduct (2) are
78.4(2) and 75.2(1)8, respectively. These values reflect a
somewhat different folding of the receptor owing to the dif-
ferent position of the corresponding halide anion with re-
spect to the centroid of the receptor cavity (Table 3). More-
over, the receptor modifies, to a certain extent, the size of
the cavity to maximise interactions between the NH groups
of the receptor and the different anion guest. This is con-
firmed by a comparison of the distances between the three
charged nitrogen atoms, which gives an idea of the size of
the macrobicyclic cavity: in [(H3L


1)Cl]2+ the N1�N2, N2�
N4 and N1�N4 distances are 4.795(6), 5.059(2) and
5.570(3) V, whereas in [(H3L


1)Br]2+ these distances are
4.835(6), 5.231(6) and 5.732(6) V, respectively.


Figure 6. X-ray crystal structure of [(H3L
1)Cl]2+ in 1 (top) and


[(H3L
1)Br]2+ in 2 (bottom). Most of the hydrogen atoms and disorder


have been omitted for clarity. The ORTEP plot is at the 50% probability
level.


Table 3. Selected hydrogen-bonding data [V and 8] of the X-ray struc-
tures of the adducts [(H3L


1)Cl]2+ and [(H3L
1)Br]2+ .[a]


X Cl Br


N1···X 3.221(3) 3.379(4)
X···H1 2.39(3) 2.55(6)
N1�H1···X 169(3) 162(5)
N2···X 3.283(2) 3.457(4)
X···H2 2.52(3) 2.76(6)
N2�H2···X 155(3) 145(5)
N4···X 3.468(2) 3.691(5)
X···H4 2.65(3) 2.91(6)
N4�H4···X 161(3) 171(6)
N5···X 3.118(2) 3.236(4)
X···H5 2.30(3) 2.57(6)
N5�H5···X 158(3) 162(6)
N1···N2 4.795(3) 4.835(6)
N3···N5 4.961(3) 4.841(6)
X···centroid[b] 1.576 1.845


[a] See Figure 6 for the numbering scheme. [b] The position of the cent-
roid is defined by the five nitrogen atoms of the macrobicyclic cavity.
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DFT calculations : DFT calculations are a powerful tool for
the investigation of different supramolecular entities, which
includes receptor–anion complexes.[34] Moreover, solid-state
structures might be conditioned by crystal-packing forces
and intermolecular hydrogen-bonding interactions, and can
differ significantly from structures in a liquid solution. With
the aim of rationalising the observed stability trends, the dif-
ferent [(H3L


1)X�]2+ systems (X=F, Cl, Br or I) were char-
acterised by means of DFT calculations performed in vacuo
(B3LYP/LanL2DZ model). The calculated geometries for
the [(H3L


1)Cl]2+ and [(H3L
1)Br]2+ systems resemble the


solid-state structures. However, while in the solid state the
anion is held within the macrobicyclic cavity by four NH···X
hydrogen bonds, with one of the secondary amine functions
involved in a hydrogen-bonding interaction with an exocy-
clic halide anion, the calculated structures show that the
halide anion interacts with the macrobicycle through five
NH···X hydrogen bonds involving the two protonated pivo-
tal nitrogen atoms, the protonated pyridine nitrogen atom
and the two secondary amine groups (Table 4). However,


the situation in solution might be different to that observed
in the solid state because the 1H NMR spectra of the Cl�


adduct did not provide any evidence for asymmetric binding
of the anion to the macrobicyclic host. A similar situation is
also observed in the case of the iodide adduct. The N···X
and X···H distances calculated for the Cl�, Br� and I� com-
plexes (Table 4) are in very good agreement with experi-
mental mean distances observed in the solid state for
medium-to-strong hydrogen-bonding interactions.[35,36] Hy-
drogen-bond lengths increase approximately with the ionic
radius of the anion, as previously observed for halide com-
plexes with axial macrobicyclic receptors.[17]


The smaller F� anion is only involved in hydrogen-bond-
ing interactions with four of the five sites of the protonated
macrobicycle. Indeed, the calculated N2···F distance


(3.85 V) is considerably longer than the remaining N···F dis-
tances, which range from 2.59 to 2.86 V (Table 4). The latter
values are again in good agreement with typical experimen-
tal values observed in the solid state.[36] These results agree
with the lower stability of the complex formed with F� com-
pared with that formed with chloride, which is the result of
the “misfit” of the very small F� ion in the cavity. A similar
situation has been previously observed for inclusion com-
plexes of F� into macrobicyclic polyammonium receptors.[37]


On the contrary, the higher affinity of a polyamide cryptand
containing pyridine head units for F� over Cl� appears to be
related to a best fit of F� within the macrobicyclic cavity.[9e]


Halides are spherically shaped anions with a single nega-
tive charge. As a result, no preference for a specific geome-
try or a coordination number is observed for the complexed
halides.[38] For these reasons, the different anion sizes and
propensity to form hydrogen bonds are the principal charac-
teristics that enables selective recognition of these anions
with metal-free receptors. Space-filling models of the calcu-
lated structures for the different [(H3L


1)X]2+ systems (X=


Cl, Br or I) clearly confirm that the protonated macrobicy-
cle [H3L


1]3+ is especially suited to coordination of Cl� as a
consequence of the nice fit between the macrocyclic cavity
and the size of this anion, whereas Br� and I� are clearly
too large to fit within the macrobicyclic cavity (Figure 7).


This is confirmed by the distances between the centroid of
the macrobicyclic cavity and the halide anion, which vary in
the following order Cl�<Br�< I�. These results are again in
agreement with the binding trend observed experimentally
(Cl�>Br�> I�).


To rationalise the sulfate-to-nitrate binding selectivity ob-
served for L1, the [(H3L


1)A]2+ systems (A=HSO4
� or


NO3
�) were also characterised by means of DFT calcula-


tions (B3LYP/LanL2DZ model). The optimised geometries
for both supramolecular complexes are shown in Figure 8.
In these systems, the macrobicyclic host adopts a conforma-
tion similar to that observed for the corresponding halide
complexes. According to our calculations, the HSO4


� and


Table 4. Hydrogen-bonding data [V and 8] obtained from DFT calcula-
tions (B3LYP/LanL2DZ) for the [(H3L


1)X�]2+ systems (X=F, Cl, Br and
I).[a]


X F Cl Br I


N1···X 2.635 3.219 3.410 3.642
X···H1 1.566 2.172 2.368 2.608
N1�H1···X 173.87 175.02 170.48 167.96
N2···X 3.850 3.317 3.618 3.849
X···H2 3.005 2.377 2.846 3.091
N2�H2···X 139.02 148.84 131.06 130.28
N3···X 2.862 3.253 3.535 3.787
X···H3 2.054 2.438 3.040 3.438
N3�H3···X 134.93 136.93 111.20 102.38
N4···X 2.810 3.131 3.290 3.490
X···H4 1.938 2.303 2.389 2.570
N4�H4···X 141.62 138.03 147.25 150.10
N5···X 2.591 3.201 3.536 3.847
X···H5 1.519 2.171 2.511 2.841
N5�H5···X 173.15 167.66 166.91 162.58
X···Centroid[b] 0.488 1.069 1.721 2.164


[a] See Figure 6 for the numbering scheme. [b] The position of the cent-
roid is defined by the five nitrogen atoms of the macrobicyclic cavity. Figure 7. Space-filling representation of the [(H3L


1)X]2+ systems as opti-
mised in vacuo at the B3LYP/LanL2DZ level for X=F (a), Cl (b), Br (c)
and I (d).
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NO3
� anions are held within the macrobicyclic cavity by


four N�H···O hydrogen bonds involving three oxygen atoms
of the anion and the three protonated sites of the macrobi-
cycle and one of the secondary amine groups. The calculated
structure for the [(H3L


1) ACHTUNGTRENNUNG(HSO4)]
2+ system shows H···O-S


angles that are relatively close to the ideal value of 1208 :
105.3, 126.4, 139.8 and 140.58, in agreement with the strong
binding observed in acetonitrile. It is well known that trigo-
nal planar oxyanions, such as NO3


�, present a clear prefer-
ence for a coplanar arrangement of the donor sites of the re-
ceptor, whereas for tetrahedral oxyanions, such as HSO4


�, a
weak preference is observed for particular H···O-S-O
angles.[19,20] The H···O-N-O angles calculated for [H3L


1]3+


·NO3
� are 57.0, 83.2, 108.0 and 168.08. These values signifi-


cantly deviate from the ideal values of 0 and 1808, which is
in agreement with a weak interaction between nitrate and
the protonated macrobicyclic host.


Conclusion


This work has shown that macrobicyclic receptors containing
a mixture of ammonium, pyridinium and secondary aniline
hydrogen-bonding donor sites display interesting binding
properties towards anions in solution and in the solid state.
The relatively high stability of the corresponding complexes
results from the presence of a definite spherical cavity, the
rigidity of which ensures size selectivity in favour of spheri-
cal halide ions. On the other hand, oxoanions are selectively
recognised on the basis of their geometrical shape and their
capability to accept hydrogen bonds from the tridimensional


array of N�H donors of the receptor. Further macrobicyclic
receptors of varying geometrical features and designed se-
lectivity can be obtained by following the same convenient
synthetic approach.


Experimental Section


Solvents and starting materials : Compounds 2a·EtOH and 2b
(Scheme 1) were prepared as previously described.[39,40] All other chemi-
cals were purchased from commercial sources and used without further
purification. Solvents were of reagent grade purified by the usual meth-
ods.


CAUTION! Although we have experienced no difficulties with the per-
chlorate salts, these should be regarded as potentially explosive and han-
dled with care.[41]


Physical methods : Elemental analyses were carried out on a Carlo
Erba 1180 elemental analyzer and FAB-MS were recorded on a FISONS
QUATRO mass spectrometer with a Cs ion-gun with a 3-nitrobenzyl al-
cohol matrix. IR spectra were recorded as KBr discs with a Bruker
Vector 22 spectrophotometer. 1H and 13C NMR spectra were recorded on
Bruker Avance 300 or 500 spectrometers. NMR spectroscopy assignments
were based in part on two-dimensional COSY, HMQC and HMBC ex-
periments. Electronic spectra in the UV/Vis range were recorded at 25 8C
on a Perkin–Elmer Lambda 900 UV/Vis spectrophotometer in 1.0 cm
quartz cells. The protonation of L1 and L2 was studied by means of spec-
trophotometric titrations of 10�4m solutions of the ligands (10 mL). Typi-
cally, aliquots of a fresh standard solution of CF3COOH (10�2m) in aceto-
nitrile (polarographic grade) were added and the UV/Vis spectra of the
samples were recorded. Anion-binding studies were performed on 10�4m


solutions of the ligands in acetonitrile in the presence of CF3COOH
(15 equiv, 10 mL). Aliquots of a fresh standard solution (10�2m) of the
envisaged anion (as the tetrabutylammonium salt) in the same solvent
were added and the UV/Vis spectra of the samples were recorded. All
spectrophotometric titration curves were fitted with the HYPERQUAD
program.[42] Binding constants were obtained from a simultaneous fit of
the UV/Vis absorption spectral changes at 6–8 selected wavelengths in
the range 250–325 nm. A minimum of 24 absorbance data points at each
of these wavelengths was used.


Receptor L1: Sodium tetrahydroborate (0.035 g, 0.9 mmol) was added
slowly to a stirred solution of 2a·EtOH (0.206 g, 0.210 mmol) in metha-
nol (100 mL) (Scheme 1). After the addition was complete, the solution
was then refluxed for 15 min and then cooled to room temperature. The
solvent was removed under reduced pressure to leave a solid residue that
was extracted with chloroform (3R30 mL). The solution was concentrat-
ed to dryness giving an oily residue that was dissolved in hot acetonitrile
(10 mL). After cooling to room temperature, L1 was obtained as a pale
yellow precipitate that was filtered and dried under vacuum over CaCl2
(0.079 g, 71%). M.p. 146–148 8C; 1H NMR (CD3CN): d=7.72 (t, 3J=


7.7 Hz, 1H; py), 7.40 (d, 3J=7.7 Hz, 2H; py), 7.21–7.15 (m, 2H; Ar), 6.99
(dd, 3J=7.2 Hz, 4J=1.3 Hz, 2H; Ar), 6.79 (d, 3J=7.9 Hz, 2H; Ar), 6.65–
6.60 (m, 2H; Ar), 4.42 (s, 4H; CH2), 3.60 (br s 4H; CH2), 3.48 (t, 3J=


5.9 Hz, 4H; CH2), 3.37 (s, 4H; CH2), 3.35 (t, 3J=5.1 Hz, 4H; CH2), 2.65
(br s, 2H; NH), 2.58–2.54 ppm (m, 8H; CH2);


13C NMR (CD3CN): d=


50.1, 55.6, 56.2, 61.7, 70.0, 70.9, 71.0, 110.7, 116.8, 122.4, 123.8, 129.4,
131.1, 138.1, 149.5, 160.2 ppm; IR (KBr): ñ=3263 (NH), 1604 (NH),
1592 cm�1 (C=N)py; FAB-MS: (m/z): 532 [L1+H]+ ; elemental analysis
calcd (%) for C31H41N5O3: C 70.0, H 7.7, N 13.1; found: C 69.7, H 7.6, N
12.6.


Receptor L2 : The receptor was prepared as described for L1 from 2b
(0.210 g, 0.215 mmol) and sodium tetrahydroborate (0.035 g, 0.925 mmol;
Scheme 1). Yield: 0.080 g (65%); m.p. 164 8C; 1H NMR (CD3CN): d=


7.71 (t, 3J=7.8 Hz, 1H; py), 7.61 (t, 3J=6.4 Hz, 2H; NH), 7.25 (d, 3J=


7.8 Hz, 2H; py), 7.18–7.10 (m, 2H; Ar), 7.03–6.95 (m, 2H; Ar), 6.63–6.55
(m, 4H; Ar), 4.44 (d, 3J=6.4 Hz, 4H; CH2), 3.61 (s, 4H; CH2), 3.48 (m,
8H; CH2), 3.59–3.50 (m, 4H; CH2), 3.35–3.30 (m, 4H; CH2), 2.78–2.65


Figure 8. Structures of the [(H3L
1) ACHTUNGTRENNUNG(HSO4)]


2+ (top) and [(H3L
1)ACHTUNGTRENNUNG(NO3)]


2+


(bottom) systems obtained from DFT calculations at the B3LYP/
LanL2DZ level.
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(m, 4H; CH2), 2.53–2.39 ppm (m, 4H; CH2);
13C NMR (CD3CN): d=


50.5, 54.6, 60.2, 70.6, 71.3, 110.7, 116.8, 120.5, 123.6, 129.3, 130.9, 138.2,
150.2, 160.4 ppm; IR (KBr): ñ=3246 (NH), 1594 (NH), 1594 (C=


N)py cm
�1; FAB-MS: (m/z): 576 [L2+H]+ ; elemental analysis calcd (%)


for C33H45N5O4: C 68.8, H 7.9, N 12.1; found: C 69.0, H 7.5, N 11.9.


X-ray crystal structures : Three-dimensional X-ray data were collected at
100 K on a Bruker X8-APEXII Kappa diffractometer by the W/f scan
method. Reflections were measured from a hemisphere of data collected
with each frame covering 0.38 in w. The solution, refinement and analysis
of the single-crystal X-ray diffraction data was performed with the
WinGX suite for small-molecule single-crystal crystallography.[43] The
structure of 1 was solved by Patterson methods with DIRDIF 99[44] and
the structure of 2 was solved by direct methods with SHELXS-86,[45] and
both were refined by full-matrix least-squares methods on F2 with
SHELXL-97.[46] The hydrogen atoms were included in calculated posi-
tions and refined with a riding mode, except hydrogen atoms bonded to
the nitrogen atoms, which were found in a Fourier difference map and re-
fined freely. In both crystals some atoms of the aza-crown chain and sol-
vent molecules were disordered. Owing to convergence problems associ-
ated with the presence of disordered solvent molecules in special posi-
tions, it was necessary to clean up these areas with the program
SQUEEZE[47] implemented in PLATON.[48] Finally, the remaining disor-
der was solved and refinement converged with allowance for thermal ani-
sotropy for all non-hydrogen atoms after imposing 78 restraints for 1 and
3 restraints for 2. The occupancy factors for the remaining disordered
atoms were 0.62(1) for O(1A), O(2A), C(3A) and C(4A) in 1; and
0.783(4) for atom Br(3A), 0.690 (8) for O(1A), O(2A), C(1A), C(2A),
C(3A), C(4A), C(5A) and C(6A) of the crown chain and 0.69(1) for the
atoms C ACHTUNGTRENNUNG(32A) and O(4A) of the methanol molecule in 2. Crystal data
and details on data collection and refinement are summarised in Table 5.


CCDC-671438 and 671439 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 methods : The [(H3L
1)X]2+ (X=F, Cl, Br or I) and


[(H3L
1)A]2+ (A=NO3 or HSO4) systems were fully optimised with the


B3LYP density functional model.[49,50] We used the standard LanL2DZ
basis set in these calculations. The LanL2DZ basis set of Hay and Wadt
consists of the D95 basis set for elements of the first row and effective
core potentials (ECP) for the core electrons of the Na–Bi elements.[51,52]


In the case of the [(H3L
1) ACHTUNGTRENNUNG(HSO4)]


2+ system, the S atom was described
with the LanL2DZdp basis set.[53] X-ray structures were used as input ge-
ometries when available. The stationary points found on the potential-
energy surfaces as a result of the geometry optimisations have been
tested to represent energy minima rather than saddle points via frequen-
cy analysis. All DFT calculations were performed with the Gaussian 03
program package.[54]
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Introduction


Research in the field of metal–organic frameworks (MOFs)
continues to be exciting for the many potential applications
in the areas of sorption, separation, and other related prop-
erties.[1] Multidimensional infinite MOF structures have
been obtained by a careful combination of the geometrical
preferences of the metal ion and the functionalities of the
organic ligands through rational design.[2] Many of these
compounds are based on transition elements. The design
and synthesis of lanthanide-based MOFs, on the other hand,
may be more difficult due to the high and varied coordina-
tion requirements of the lanthanide ions.[3] It has been well
established that lanthanide ions have a higher affinity for
hard donor ligands, such as the O-donor ligands.[4] This in-
herent preference of the lanthanide ions has been utilized


for the preparation of many multi-carboxylates of different
dimensionalities.[5]


The complex connectivities observed in some of the MOF
structures prompted researchers to visualize them as simple
topologies based on well-known networks. Topological de-
scriptions, of course, have been traditionally used for the un-
derstanding of the three-dimensional structures of alumino-
silicate zeolites and related materials.[6] In this approach, the
three-dimensionally extended structures are simplified by
considering connectivities based on linked two-dimensional
layers. The two-dimensional layers, in turn, are described as
networked topologies derived from hexagons, squares, and
triangles.[7] These units can combine either individually or in
association, thus giving rise to a variety of two-dimensional
nets. The most well established and the simplest of the two-
dimensional nets are the 63 (three hexagons connected at a
node), 44 (four squares connected at a node), and 36 (six tri-
angles connected at a node) topologies. These are the Schl0-
fli notations, and well-known examples of such nets are
graphite and corundum (63), face-centered cubic structures
(44), and the CdCl2 structure (36).[7]


An examination of the available literature on MOF struc-
tures indicates that the 63 and 44 topologies are more
common[8,9] than the 36 topology. The first 36 topology was
observed and described by Schrçder and co-workers in [Zn3-
ACHTUNGTRENNUNG(1,4-dbc)3ACHTUNGTRENNUNG(def)2]·DEF (1,4-bdc: 1,4-benzenedicarboxylate,
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ylic acid, benzene-1,4-dicarboxylic acid,
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three-dimensional mixed carboxylates
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terephthalate; def: diethylformamide).[10] Subsequently, the
36 topology was observed for [{Cu3 ACHTUNGTRENNUNG(m3-OH)}2ACHTUNGTRENNUNG(m3-btr)6ACHTUNGTRENNUNG(m4-btr)-
ACHTUNGTRENNUNG(m-X)X4]X5·nH2O (X= Br, n=6; X=Cl, n=8; btr: 4,4’-
bis(1,2,4-triazole)), which possesses a two-dimensional struc-
ture.[11] Recently, a simple (4,4) connectivity has also been
discussed in terms of 36 topology by considering hydrogen-
bond interactions in [M ACHTUNGTRENNUNG(btza)2ACHTUNGTRENNUNG(H2O)2]·2 H2O (M=Mn, Zn;
btza: bis(1,2,4-triazol-1-yl)acetate).[12]


We have been interested in the study of lanthanide com-
pounds due to their interesting optical behavior arising from
the ligand-sensitized and sharp f–f emissions. In addition,
the higher coordination requirement of lanthanides can be
gainfully utilized to give rise to interesting network topolo-
gies. Among the lanthanide ions, Eu3+ and Nd3+ are impor-
tant as they can be used in the visible region (l= 500–
700 nm) and in the near-IR region (l=800–1700 nm), re-
spectively. In addition, Nd3+ compounds also show up-con-
version behavior by converting the IR radiation into the
visible region by a two-photon absorption process.[13]


A detailed literature search indicated that the lanthanide
carboxylates are formed with either homocyclic (benzene
carboxylates)[14] or heterocyclic systems (such as pyridine,
imidazole carboxylates).[15] There are not many reports of
investigations on the formation of lanthanide MOFs using
hybrid aromatic carboxylates (homocyclic and heterocy-
clic).[16]


We sought to investigate the formation of new lanthanide
carboxylates employing hetero (quinolinic acid) and homo
(terephthalic acid) aromatic dicarboxylic acids. Herein, we
describe the successful preparation of a new series of MOF
compounds of lanthanides with the general formula [M2-
ACHTUNGTRENNUNG(H2O)4]ACHTUNGTRENNUNG[{C5H3N ACHTUNGTRENNUNG(COO)2}2 ACHTUNGTRENNUNG{C6H4ACHTUNGTRENNUNG(COO)2}], M=La (I), Pr
(II), and Nd (III). Of these, only I was obtained as good-
quality single crystals, whereas II and III were formed as
pure polycrystalline powder samples. In addition, we also
prepared samples doped with Eu3+ (2 and 4 mol %) and
Tb3+ (2 and 4 mol %) in place of La3+ (I). The structures of
all the compounds are similar and are formed by a network
of M3+ ions and quinolinate units, which give rise to a two-
dimensional layered structure that resembles the CdCl2 top-
ology (36). This is the first observation of CdCl2 topology, to
the best of our knowledge, in a lanthanide carboxylate
system. The lanthanide–quinolinate layers are pillared by
terephthalate units, thus completing the three-dimensional
structure. Optical studies indicate metal-centered emission
in the doped compounds and an interesting UV and blue
emission through a two-photon up-conversion process in III.
Herein, we describe the synthesis, structure, and photophysi-
cal and related properties of all the compounds.


Results and Discussion


Structure : Compound I has 21 non-hydrogen atoms in the
asymmetric unit, in which one La3+ ion, one pyridine-2,3-di-
carboxylate (quinolinate) anion, half a benzene-1,4-dicar-
boxylate (terephthalate) anion, and two water molecules are


present (see Figure S1 in the Supporting Information). The
metal atom, La(1), is surrounded by eight oxygen atoms and
one nitrogen atom and has a distorted tricapped trigonal
prismatic environment (La(1)O8N, CN= 9; see Figure S1 in
the Supporting Information). Of the eight oxygen atoms,
two [O(5), O(6)] are coordinated water molecules and the
nitrogen atom is part of the pyridine ring. Of the six remain-
ing oxygen atoms, four are from the pyridine dicarboxylate
units and two are from the benzene dicarboxylate units.
One oxygen atom, O(1), has m3 connectivity linking two
metal centers and a carbon atom. The La�O bonds have
lengths in the range 2.505(2)–2.674(2) O and the La�N bond
has a length of 2.834(3) O. The O/N-La-O/N bond angles
are in the range 49.94(7)–157.53(7)8. The coordination
around the La3+ ions was based on assuming typical La�O
distances in the range 2.4–2.8 O. The selected bond lengths
are listed in Table 1.


The three-dimensional structure can be explained by con-
sidering simpler building units. Thus, the La(1)O8N poly-
hedral units are connected through a common edge with an-
other La(1) atom by two m3-coordinated oxygen atoms
[O(1)] to form a dimer of the formula La2O14N2 (Figure 1 a).
Each dimer is connected to six different pyridine-2,3-dicar-
boxylate moieties and each pyridine-2,3-dicarboxylate is
connected to three different dimers, thus giving rise to a
two-dimensional layer with 36 topology (Figure 1 b). The
two-dimensional layers are connected by the terephthalate
units that complete the three-dimensional structure
(Figure 2). The presence of coordinated water molecules
and the spatial displacement of the pyridine-2,3-dicarboxy-
late units give rise to two distinct pockets, hydrophilic and
hydrophobic, respectively (Figure 3 a). Additionally, the
presence of two coordinated water molecules [O(5) and
O(6)] in close proximity gives rise to O�H···O hydrogen
bonds. These interactions also result in a one-dimensional
helical arrangement (Figure 3 b), which may be due to the
presence of a 21 axis in the structure. In addition, the coordi-
nated water molecules also interact with other carboxylate
oxygen atoms with O···O contact distances in the range
2.761(3)–2.855(4) O and O�H···O angles in the range 156–
1768. The observed hydrogen-bond interactions are listed in
Table 2. The two-dimensional layer with 36 topology appears
to be unique and has been observed for the first time in a
highly coordinated lanthanide carboxylate.


Table 1. Selected bond lengths [O] observed in [La2ACHTUNGTRENNUNG(H2O)4] ACHTUNGTRENNUNG[{C5H3N-
ACHTUNGTRENNUNG(COO)2}2 ACHTUNGTRENNUNG{C6H4 ACHTUNGTRENNUNG(COO)2}] (I).


Bond[a] Amplitude Bond Amplitude


La(1)�O(1) 2.505(2) La(1)�O(5) 2.604(2)
La(1)�O(2)#1 2.511(2) La(1)�O(6) 2.610(2)
La(1)�O(3)#2 2.516(2) La(1)�O(7) 2.674(2)
La(1)�O(4) 2.527(2) La(1)�N(1) 2.834(3)
La(1)�O(1)#3 2.604(2)


[a] Symmetry transformations used to generate equivalent atoms: #1: x,
�y+3/2, z+1/2; #2: x, y�1, z ; #3: �x+1, �y+ 1, �z+1.
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Well-known examples for the
observation of 36 topology are
the CdCl2 structure and in
UO2


2+-type coordinated struc-
tures (where all six ligands are
in the equatorial plane).[10] To
compare the present two-di-
mensional connectivity between
La3+ ions and quinolinate
anions with that of CdCl2 and
UO2


2+-type coordinated struc-
tures, we represented the dimer
and the quinolinate units as
spheres arranged in a two-di-
mensional lattice (Figure 4 a). It
then immediately becomes evi-
dent that the present structure
has a close similarity to the
CdCl2 structure (Figure 4 b).
The UO2


2+-type coordinated
structure, though it appears to


be comparable, has the ligand connecting only two metal
centers (Figure 4 c), whereas in CdCl2 the ligands (Cl�) con-
nect with three metal centers. In the present structure, each
dimer is connected to six quinolinate anions and each quino-
linate anion is connected to three different dimers, which is
akin to the situation found in the CdCl2 structure. In addi-
tion, the topological arrangement of the different layers in
the present structure also mimics the arrangement of the
layers found in the CdCl2 structure (Figure 5 a and b).


Thermal studies : Thermogravimetric analysis (TGA) was
carried out in air (flow rate 20 mL min�1) in the temperature
range 30–850 8C (heating rate 5 8C min�1; see Figure S2 in
the Supporting Information). The results indicate that com-
pounds I–III all behave in a similar fashion. An initial
weight loss (�8 %) in the temperature range 170–220 8C for
all three compounds may be due to the loss of coordinated
water molecules, and the second weight loss, which occurs in


Figure 1. a) The dimer, La2O14N2, formed by the connectivity between
LaO8N polyhedra through two m3 oxygen atoms [O(1)] in I. b) Two-di-
mensional layer in the bc plane formed by the connectivity between the
La2O14N2 dimers and the pyridine-2,3-dicarboxylate (pydc-2,3) units. The
dimers are represented as a single sphere for simplicity.


Figure 2. Three-dimensional structure formed by the connectivity be-
tween the two-dimensional layers and the benzene-1,4-dicarboxylate
units.


Figure 3. a) Hydrophilic and hydrophobic cavities within the three-dimensional structure. b) Arrangement of
the coordinated water molecules to form helical one-dimensional chains (see text).
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two steps in the temperature range 280–480 8C, corresponds
to the loss of all the carboxylate moieties. The total ob-
served weight loss corresponds well with the loss of the car-
boxylate and water molecules: 64 (calcd 61.4), 62 (calcd
59.9), and 63 % (calcd 60.64 %) for I–III, respectively. The
final calcined product was found to be crystalline by powder
XRD and corresponds to La2O3 (JCPDS: 00-002-0688),
Pr6O11 (JCPDS: 00-042-1121), and Nd2O3 (JCPDS: 00-021-
0579 and 00-006-0408), respectively. The three compounds
in the present study are isostructural, and therefore to inves-
tigate the physical properties we chose to study the lantha-
num-containing compound, [La2ACHTUNGTRENNUNG(H2O)4] ACHTUNGTRENNUNG[{C5H3N ACHTUNGTRENNUNG(COO)2}2-
ACHTUNGTRENNUNG{C6H4ACHTUNGTRENNUNG(COO)2}] (I).


The TGA studies clearly revealed a single-step weight
loss in the range 170–220 8C, which corresponded with the
possible loss of the coordinated water. To probe the reversi-
bility of water adsorption, we employed ex situ powder
XRD studies. For this purpose, the La-containing sample
was heated at three different temperatures (180, 200,
220 8C) and the powder XRD patterns were compared with
that of I (Figure 6 A). The sample heated at 220 8C indicated
the disappearance of some of the peaks at high 2q values
(>13) although the main peak at around 6.78 appears to
remain unchanged, but with reduced intensity. In addition,
some broadness in the peak width can also be noticed,
which suggests that the loss of the coordinated water at
220 8C may lead to the loss of crystallinity. The dehydrated
sample (heated at 220 8C) was kept in the open air (labora-
tory conditions) and the powder XRD patterns were record-
ed periodically as a function of time (Figure 6 B). As can be


Table 2. Important hydrogen-bond interactions in [La2 ACHTUNGTRENNUNG(H2O)4] ACHTUNGTRENNUNG[{C5H3N-
ACHTUNGTRENNUNG(COO)2}2 ACHTUNGTRENNUNG{C6H4 ACHTUNGTRENNUNG(COO)2}] (I).


D�H···A[a] D�H [O] H···A [O] D···A [O] D�H···A [8]


O(5)�H(5A)···O(7)#1 0.94 1.82 2.761(3) 175.9
O(5)�H(5B)···O(6)#2 0.94 2.18 3.039(3) 151
O(6)�H(6A)···O(8)#3 0.94 1.83 2.769(4) 175
O(6)�H(6B)···O(3)#4 0.94 1.97 2.855(4) 156


[a] #1: x, 1 +y, z ; #2: 1�x, 1/2+y, 3/2�z ; #3: x, 3/2�y, 1/2+z ; #4: 1�x,
2�y, 1�z.


Figure 4. a) Connectivity between the six connected dimeric units (green
spheres) and the three connected pyridine-2,3-dicarboxylate moieties
(purple spheres) forming the 36 topology (see text). b) Structure of
CdCl2. Cd atoms: green; Cl atoms: purple. Note the close structural simi-
larity between the two-dimensional layer of I and CdCl2. c) UO2


2+-type
coordinated structure with 36 topology. Metal atoms: green; ligands:
purple. Note the differences in the connectivity of this structure and I.


Figure 5. a) Three-dimensional connectivity of the layers in I through
benzene-1,4-dicaboxylate moieties. b) Arrangement of layers in the
CdCl2 structure. Note the similarity in the arrangement of layers in the
structures.
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noted, the samples appear to remain dehydrated for at least
one week, which indicates the stable nature of the dehydrat-
ed state. The dehydrated sample, when heated with water at
75 8C for 12 h in an autoclave, immediately returns to the
original hydrated phase.


To understand this possible reversible hydration behavior
of I, we carried out in situ diffuse reflectance Fourier trans-
form IR spectroscopic (DRIFTS) studies (Perkin–Elmer,


Spectrum 2000, mercury cadmium telluride detector) in the
range from 25 to 250 8C. The coordinated water band at
3535 cm�1 was monitored as a function of temperature and
the results are presented in Figure 7 a. As can be noted, the


band gradually disappears with increasing temperature, thus
confirming the removal of the coordinated water molecules
from the structure. To investigate the reversible uptake of
H2O, we made efforts to replace the coordinated water with
D2O and study the dehydration behavior. For this, the fully


Figure 6. A) Ex situ powder XRD study of [La2ACHTUNGTRENNUNG(H2O)4] ACHTUNGTRENNUNG[{C5H3N ACHTUNGTRENNUNG(COO)2}2-
ACHTUNGTRENNUNG{C6H4 ACHTUNGTRENNUNG(COO)2}] (I): a) RT; b) 180; c) 200; d) 220 8C. Note the change in
the XRD pattern at 220 8C. B) Ex situ XRD plots of the dehydrated
sample of I as a function of time: a) fully dehydrated; b) 1 h; c) 10 h; d)
1 day; e) 2 days; f) 7 days; g) fully rehydrated. h) fully deuterated sample
(see text).


Figure 7. In situ DRIFTS of I as a function of temperature showing the
disappearance of the bands a) H2O, 3535 cm�1, and b) D2O, 2520 cm�1.
The dashed line is a guide to the eye.
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dehydrated sample was heated in a similar fashion with D2O
in an autoclave, and the deuterated sample studied by using
DRIFTS. The IR spectra of the deuterated sample show a
peak around 2520 cm�1, which corresponds to the D2O
stretching vibration.[17] The D2O-exchanged sample does not
exhibit the peak corresponding to water at 3535 cm�1, which
suggests that the coordinated water molecules were com-
pletely replaced by D2O. The DRIFTS studies of the deuter-
ated sample also exhibited a behavior similar to that of the
as-prepared sample when heated under identical conditions.
Thus, the peak at 2520 cm�1 also loses intensity with increas-
ing temperature (Figure 7 b). This study clearly establishes
the complete reversibility of the hydration in I.


Luminescence studies : Lanthanide ions, generally, have low
molar absorptivity, which results in weak emission when ex-
cited directly. Significant emission, characteristic of the lan-
thanide ion, however, can be observed by employing suita-
ble chelates that can absorb and transfer the energy to the
lanthanide ion.[18] In most cases, the direct excitation of the
ligand leads to a singlet state, which goes to a triplet state
via an intersystem crossing. The emission from the metal is
observed when a nonradiative energy transfer occurs from
the triplet state of the ligand to the lanthanide ion.[19] The
lanthanide ion can then emit a photon or relax through a
series of nonradiative processes. This phenomenon is known
as the “antenna effect”.[19b, 20] It has been shown that the lan-
thanide-centered emission can be sensitized by molecules
with p electrons. The success of the transfer of energy is re-
flected in the suppression of the intra-ligand emission. It has
been shown that the nitrogen-containing ligands, which di-
rectly bond with the lanthanide ion, are more efficient in
transferring the energy, which results in stronger emission.[21]


Presently, we have both the nitrogen-containing ligands
(pyridine) and the regular conjugated p systems (benzene)
that bind with the lanthanide. Both can absorb strongly in
the UV region and sensitize the lanthanide ion through the
antenna effect described above. The high-intensity band at
around 300 nm in the UV/Vis spectra of these compounds
indicates the intra-ligand energy-transfer process due to the
p!p* or n!p* transitions (see Figures S3 and S4 in the
Supporting Information).


In the emission spectra of the sodium salts of the two di-
carboxylates, the benzene-1,4-dicarboxylate salt shows a
broad emission centered around 365 nm, whereas the pyri-
dine-2,3-dicarboxylate salt shows a broad emission at
380 nm, along with two low-intensity peaks at 420 and
488 nm, when excited by a wavelength (lex) of 300 nm (see
Figure S5 in the Supporting Information). The emission
peaks arise from the p*!n and p*!p transitions of the two
aromatic dicarboxylates. Compounds I–III also exhibit four
emission bands centered at 356, 380, 420, and 488 nm (lex=


300 nm). This result clearly indicates that the emissions in
the present compounds are due to the intra-ligand energy
transfer, which has been observed in many lanthanide car-
boxylate systems.[22] It is believed that the benzene carboxyl-
ate ligands act as a sensitizer for the lanthanide ions.


To investigate the luminescence from the metal-centered
emission in the present compounds, we partially doped Eu
(2 mol%, Ia, and 4 mol %, Ib) and Tb (2 mol %, Ic, and
4 mol %, Id) in place of La in I. The concentrations of Eu in
Ia and Ib as well as of Tb in Ic and Id were based on the no-
tional composition in the initial mixture (see Experimental
Section). The success of the energy transfer from the aro-
matic p system to the metal ion is clearly indicated by the
suppression of the intra-ligand emission in the luminescence
spectra along with the observation of the characteristic
colors of the doped ion under UV illumination (red/pink
(Eu3+) and green (Tb3+), see Figure S6 in the Supporting
Information).


The solid-state photoluminescence spectra of I and Ia–d
are presented in Figure 8 a and b. As can be noted, the main
intra-ligand emission band is suppressed in the doped sam-
ples (Ia–d) followed by the observation of the emission lines
characteristic of the metal. It is known that Eu3+ ions can
emit 5D0 (red), 5D1 (green), and 5D2 (blue) regions, the emis-
sions being dependent on the host lattice.[19b] The emissions
from the Tb3+ ions are mainly from the 5D4 (green) region,
and in some cases 5D3 (blue) emissions have also been ob-
served.[19b] In the present compounds, we observed 5D0!7FJ


(J= 0–4) and 5D1!7FJ (J=1, 2) emission bands for Eu3+


ions and 5D4!7FJ (J= 3–6) emission bands for the Tb3+


ions, when excited by a wavelength of 300 nm. For Ia and
Ib, the emission bands at 530–540 and 556 nm correspond to
5D1!7F1 and 5D1!7F2 transitions, respectively. The bands at
578, 590–596, 615, 650, and 693 nm correspond to 5D0!7F0,
5D0!7F1,


5D0!7F2,
5D0!7F3, and 5D0!7F4 transitions, re-


spectively (Figure 8 a). Observation of the transition from
the 5D1 state to the 7FJ state of Eu3+ in Ia and Ib is notewor-
thy, as most of the Eu-containing compounds show transi-
tions only from the 5D0 state to the 7FJ state in the visible
region (400–800 nm).[23] The 4 % Eu-doped sample (Ib)
shows less intra-ligand emission than the 2 % Eu-doped
sample (Ia), which indicates that the higher dopant level at
the lanthanum site facilitates the transfer of more energy
from the aromatic ligands. This observed behavior may not
be expected to be linear for higher concentrations of Eu3+ ,
as the metal-centered emission would begin to undergo self-
quenching.[21]


It has been observed that the lanthanide emissions are
sensitive to the local environment around the lanthanide
ion.[19b] The subtle differences in the emission behavior has
been rationalized by invoking the symmetry of the coordina-
tion geometry around the lanthanide ions.[24] In the present
compounds, it is notable that the 5D0!7F2 transition has a
much larger intensity than the 5D0!7F1 transition. This has
been employed to prove the coordination state and the site
symmetry around the Eu3+ ion, since the 5D0!7F1 emission
is due to the magnetic dipole and independent of the ligand
environment.[23b] The 5D0!7F2 emission, on the other hand,
is due to the electric dipole and is sensitive to the crystal
field symmetry.[24b] In Ia (2% Eu) and Ib (4% Eu), the in-
tensity ratios of the 5D0!7F2 and 5D0!7F1 transitions are
5.2 and 3.92, respectively. The sensitive dependence of the
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emission on the coordination can be explored further in the
present compounds as it has been established that the coor-
dinated water molecules can be reversibly adsorbed. There-
fore, the dehydrated samples can provide further insights
into the local symmetry of the La3+ ions, especially in the
Eu3+-doped compounds in luminescence studies. Since the
dehydrated samples appear to be stable under atmospheric
conditions, we carried out photoluminescence studies on the
dehydrated samples (see Figure S7 in the Supporting Infor-
mation). The studies indicate a similar ligand-sensitized


metal-centered emission with characteristic lines (see Fig-
ure S7 in the Supporting Information). The intensity ratios
of the 5D0!7F2 and 5D0!7F1 transitions are 4.2 and 3.6, re-
spectively, for the 2 % Eu and 4 % Eu samples. The reduced
values of the ratio in the dehydrated sample indicate that
the lanthanide ions have less coordination and are also
more symmetric. The fully hydrated sample contains two
water molecules positioned adjacent to each other (cis–cis
arrangement) in one face of the trigonal prism, as part of
the nine coordination of the La3+ ion (see Figure S8 in the
Supporting Information), and can exert some strain. It is
also known that the cis structure is generally less symmetric.
During dehydration, the bound water molecules are re-
moved, which would give rise to a seven-coordinated La3+


ion that is probably much less strained than the nine-coordi-
nated La3+ site.


For the Tb3+-doped compounds (Ic and Id), the emission
bands at 490, 543, 587, and 622 nm can be assigned to the
5D4!7F6,


5D4!7F5,
5D4!7F4, and 5D4!7F3 transitions, re-


spectively, when excited by a 300 nm source. Again, the
higher concentration of Tb3+ ions in Id shows considerably
more quenching of the intra-ligand transition (Figure 8 b).
The present results are qualitative, and the emission ob-
served in these compounds could be compared to the emis-
sions for other similar compounds.[21]


Lifetime studies : To study the luminescence lifetime of the
excited states, we used the 4 %-doped samples (Ib=Eu;
Id=Tb). The 615 nm emission (5D0!7F2) for the Eu3+


sample and the 543 nm emission (5D4!7F5) for the Tb3+


sample were monitored with lifetime studies by employing
300 nm excitation at room temperature (Figure 9). The lumi-
nescence decay behavior can be fitted into a single-exponen-
tial function [Eq. (1)], in which I and I0 are the lumines-
cence intensities at times t and 0 and t is defined as the lu-
minescence lifetime.


I ¼ I0 expð�t=tÞ ð1Þ


Figure 8. Room-temperature photoluminescence spectra of a) I and the
corresponding Eu-doped compounds Ia (2 mol % Eu) and Ib (4 mol %
Eu); b) I and the corresponding Tb-doped compounds Ic (2 mol % Tb)
and Id (4 mol % Tb).


Figure 9. Room-temperature luminescence decay curves for compounds
Ib (4 % Eu) and Id (4 % Tb).
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The studies indicate lifetime values of 29.4 ms for the 4 %
Eu3+-doped sample and 14.3 ms for the 4 % Tb3+-doped
sample. The luminescence lifetime values for the doped
samples in the present study appear to be smaller than those
obtained generally for the pure Eu3+ and Tb3+ carboxylates
reported in the literature.[24b, 25]


Up-conversion studies : Up-conversion phosphors, capable of
converting long-wavelength radiation into a shorter wave-
length through multiphoton processes, have attracted much
attention.[26] Generally, trivalent lanthanides are suitable for
such an up-conversion process due to the availability of a
number of electronic states, including many intermediate
levels.[19b] Up-conversion studies have been carried out on
inorganic rare-earth materials (oxides, silicates, fluorides,
etc.),[27] and such investigations are beginning to emerge in
rare-earth-based MOF compounds as well.[25] Among the
present compounds, the Pr- and Nd-containing materials (II
and III) may be attractive for the study of up-conversion be-
havior. The UV/Vis spectrum of compound III is shown in
Figure 10 a. As can be noted, the sample exhibits intra-
ligand p!p* or n!p* transitions of the aromatic ligands at
lower wavelengths (<330 nm). In addition, the absorption
bands in the range 330–900 nm show detailed Stark splitting
of the eigenstates by the crystal field effect.[28] The details of
the Stark components, however, could not be resolved clear-
ly from the absorption spectrum due to the overlap of the
excited upper Stark levels of the ground state, which results
in a complex absorption spectrum. The UV/Vis spectra of
compound II also show some Stark splitting (see Figure S3
in the Supporting Information).


A schematic of the various energy-transfer processes in
the up-conversion emission with Nd3+ ions is shown in Fig-
ure 10 b. We employed the energy corresponding to the ab-
sorption band, 4I9/2!4G5/2 (580 nm), as the excitation energy
for examining the up-conversion behavior in III (Fig-
ure 10 a). This energy level is far from the intra-ligand ab-
sorption bands. The luminescence of III at short wave-
lengths is expected to result from the 4D3/2 levels, and the
direct excitation to either the 4D3/2 or 4D5/2 level is limited as
they are close to the intra-ligand absorption bands. The exci-
tation wavelength (l�580 nm) was tuned to optimize the
up-conversion excitation efficiency of populating the 4F3/2


levels and efficient re-excitation from the 4F3/2 to the 4D5/2


level. The possible up-conversion excitation pathways
(dashed lines) and corresponding transitions (solid lines) for
the luminescence of Nd3+ ions are summarized in Fig-
ure 10 b. The ground-state absorption (GSA) is responsible
for the excitation from the 4I9/2 level to the 4G5/2 level. The
excited 4G5/2 levels relax nonradiatively to the 4F3/2 levels,
where some populations take part in excited-state absorp-
tion (ESA) and the remainder relax to lower energy levels.
Another excitation from the 4F3/2 level populates the excited
4D5/2 levels from the ESA that also relax nonradiatively to
the 4D3/2 levels from which up-converted luminescence is
emitted. Figure 10 c shows the up-converted luminescence
spectrum from the 4D3/2 levels for the 580 nm excitation.


Figure 10. a) Room-temperature UV/Vis absorption spectrum of III.
b) Energy-level diagram for the Nd3+ ion in III. The dotted and solid
lines indicate yellow pumping (580 nm) and the transitions related to the
observed emissions, respectively. c) Up-converted luminescence spectrum
of III at room temperature excited by using radiation at lex = 580 nm.
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The emission spectrum has a peak at 422 nm and two
shoulders at 364 and 431 nm, which correspond to the 4D3/


2!4I13/2,
4D3/2!4I11/2, and 4D3/2!4I15/2 transitions, respectively.


Similar emission is also observed for the dehydrated sample,
which indicates that the up-conversion process is element
specific and not dependent on the coordination environment
around the element (see Figure S8 in the Supporting Infor-
mation).


The correlation between the excitation intensity and that
of the up-converted luminescence intensity can be examined
by carrying out further studies. Thus, a series of sterile glass
plates were placed sequentially in the pathway between the
excitation source and the sample. The decrease in the excita-
tion intensity per glass plate was determined by UV/Vis
spectroscopy in the transmission mode and normalized with
respect to the transmission obtained in the absence of any
glass slides. The normalized transmission intensities (Iex) as
a function of the number of glass plates, along with the
emission intensities (Iem), are shown in Figure 11 A. This
study can also give some indications of the number of pho-
tons involved in the up-conversion process. Accordingly, if n
is the number of photons absorbed, then [Eqs. (2)–(4)]


Iem / ðIexÞn ð2Þ


or Iem ¼ AðIexÞn ð3Þ


or log Iem ¼ A 1þ nlog Iex ð4Þ


The value of n can be obtained from the log–log plot of Iem


versus Iex (Iem =emission intensity of any luminescence peak,
Iex = intensity of the excitation energy, and n=number of
photons responsible for the emission process). The log–log
plot for the emissions at 422, 431, and 364 nm, which corre-
spond to 4D3/2!4I13/2,


4D3/2!4I15/2, and 4D3/2!4I11/2, respec-
tively, are shown in Figure 11 B. A fit of the lines gave a
value for n close to 2 (the value of the slope), thus indicat-
ing that all three emissions are based on two-photon absorp-
tion. Similar values for the slopes have been obtained
before for the two-photon up-conversion processes in Nd3+


compounds.[27]


The Pr3+ compound (II), when subjected to an identical
study, did not show any up-conversion behavior. A blue up-
conversion through a two-photon absorption (3H4!1G4 and
1G4!3P0) has been observed in many Pr3+-containing com-
pounds when excited by IR radiation.[27] Such a process was
not possible in our present investigation because we em-
ployed visible light as the excitation source, which resulted
in the nonobservation of the up-conversion processes in II.


Conclusion


The synthesis, structure, and photophysical properties of a
new series of lanthanide mixed carboxylate systems have
been accomplished. The formation of CdCl2-related layers
with 36 topology is interesting and has been observed for the


first time in a lanthanide carboxylate system. The observa-
tion of metal-centered emission in samples doped with Eu3+


(red/pink) and Tb3+ (green), and a blue luminescence in a
Nd3+ sample (III) through an up-conversion process, is note-
worthy. The coordinated water molecules can be reversibly
adsorbed and appear to have some effect on the photophysi-
cal behavior of the prepared compounds.


Experimental Section


Synthesis and initial characterization : All the compounds were prepared
by employing the hydrothermal method. In a typical synthesis, for I, La-


Figure 11. A) Dependence of the observed emission on the excitation in-
tensity of III. a) 100; b) 90.94; c) 82.84; d) 75.55; e) 69.34; f) 63.4; g)
58.37 %. B) Log–log plot of the dependence of excitation intensity on the
emission intensity at different up-converted emissions: l=422 (a), 431
(b), and 364 nm (c).
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ACHTUNGTRENNUNG(NO3)3 (0.163 g, 0.5 mm) was dispersed in water (2 mL). Pyridine-2,3-di-
carboxylic acid (0.085 g, 0.5 mm), benzene-1,4-dicarboxylic acid (0.083 g,
0.5 mm), and piperazine (0.086 g, 1 mm) were added under continuous
stirring. The mixture was homogenized for 30 min at room temperature.
The final mixture was then sealed in a 7 mL PTFE-lined autoclave and
heated at 125 8C for three days under autogenous pressure. The initial
pH of the reaction mixture was 4, and no appreciable change in pH was
noted after the reaction. The final product, which contained colorless
block-type crystals along with white powder, was filtered, washed with
deionized water under vacuum, and dried under ambient conditions
(yield �70% based on La). The white powder obtained along with the
single crystals was found to be of the same phase as the single crystals by
powder XRD studies. For the preparation of isostructural Pr (II) and Nd
(III) compounds, Pr ACHTUNGTRENNUNG(NO3)3 (0.164 g, 0.5 mm) and Nd ACHTUNGTRENNUNG(NO3)3 (0.165 g,
0.5 mm) were used in place of La ACHTUNGTRENNUNG(NO3)3 and the composition and reac-
tion conditions were kept identical to those in the synthesis of I. In both
the cases, the resulting product contained large quantities of pale green
(Pr) and pale violet (Nd) polycrystalline powder with similar yields. The
compounds with Eu (2 mol %, Ia ; 4 mol %, Ib) and Tb (2 mol %, Ic ;
4 mol %, Id) substituted in place of La (I) were also prepared by employ-
ing similar synthesis procedures, which resulted in fine, uniform powder
samples with high yields. Elemental analysis calcd (%) for I : C 31.27, H
2.13, N 3.32; found: C 31.01, H 2.17, N 3.19; calcd for II : C 31.24, H 2.12,
N 3.30; found: C 31.11, H 2.16, N 3.26; calcd for III : C 30.88, H 2.10, N
3.28; found: C 30.61, H 2.07, N 3.21; calcd for Ia : C 31.25, H 2.13, N 3.31;
found: C 31.17, H 2.09, N 3.35; calcd for Ib : C 31.23, H 2.13, N 3.31;
found: C 31.15, H 2.15, N 3.24; calcd for Ic : C 31.24, H 2.13, N 3.31;
found: C 31.17, H 2.12, N 3.37; calcd for Id : C 31.21, H 2.13, N 3.31;
found: C 31.07, H 2.08, N 3.20. Energy-dispersive X-ray analysis of the
powder sample indicated the presence of both La and Eu (Ia and Ib) and
La and Tb (Ic and Id ; see Figures S9 and S10 in the Supporting Informa-
tion)


Powder XRD patterns were recorded in the 2q range of 5–508 by using
CuKa radiation (Philips XVpert; Figure 12). The XRD pattern for the La
compound (I) indicated that the product was new; the patterns were en-
tirely consistent with the simulated XRD pattern generated based on the
structures determined using the single-crystal XRD. The Pr (II)- and Nd


(III)-containing samples as well as the doped ones are highly crystalline
and have XRD patterns comparable to that obtained for the La (I) com-
pound (Figure 12). IR spectra for all the compounds were recorded as
KBr pellets (Perkin–Elmer, Spectrum 1000). The observed IR frequen-
cies for compounds I–III are listed in Table 3 (see Figure S11 in the Sup-
porting Information).


Single-crystal structure determination : A suitable single crystal of I was
carefully selected under a polarizing microscope and glued to a thin glass
fiber. The single-crystal data were collected on a Bruker AXS smart
Apex CCD diffractometer at 293(2) K. The X-ray generator was operat-
ed at 50 kV and 35 mA using MoKa (l=0.71073 O) radiation. Data were
collected with an w scan width of 0.38. A total of 606 frames were col-
lected in three different settings of f (0, 90, 1808) while keeping the
sample-to-detector distance fixed at 6.03 cm and the detector position
(2q) fixed at �258. The data were reduced using SAINTPLUS,[29] and an
empirical absorption correction was applied using the SADABS pro-
gram.[30] The structure was solved and refined using SHELXL97,[31] which
is present in the WinGx suite of programs (Version 1.63.04a).[32] All the
hydrogen atoms of the carboxylic acids and the bound water molecules
were initially located in the difference Fourier maps, and for the final re-
finement the hydrogen atoms were placed in geometrically ideal posi-
tions and refined in the riding mode. Restraints for the bond lengths
were used during the refinement for keeping the hydrogen atoms of the
water molecules. Final refinement included atomic positions for all the


Figure 12. Powder XRD patterns of the prepared compounds. a) simulat-
ed from the single-crystal structure of I. Experimental results of: b) I ; c)
II ; d) III ; e) Ia ; f) Ib ; g) Ic ; h) Id. Note that all the XRD patterns are
identical, which indicates the phase purity of the as-prepared samples.


Table 3. Observed IR bands for [La2 ACHTUNGTRENNUNG(H2O)4] ACHTUNGTRENNUNG[{C5H3N ACHTUNGTRENNUNG(COO)2}2ACHTUNGTRENNUNG{C6H4-
ACHTUNGTRENNUNG(COO)2}] (I), [Pr2 ACHTUNGTRENNUNG(H2O)4] ACHTUNGTRENNUNG[{C5H3N ACHTUNGTRENNUNG(COO)2}2 ACHTUNGTRENNUNG{C6H4 ACHTUNGTRENNUNG(COO)2}] (II), and [Nd2-
ACHTUNGTRENNUNG(H2O)4] ACHTUNGTRENNUNG[{C5H3N ACHTUNGTRENNUNG(COO)2}2 ACHTUNGTRENNUNG{C6H4ACHTUNGTRENNUNG(COO)2}] (III).


Bands I [cm�1] II [cm�1] III [cm�1]


nas ACHTUNGTRENNUNG(O�H) 3535 (m) 3540 (m) 3537 (m)
nsACHTUNGTRENNUNG(O�H) 3357(s) 3346 (s) 3346 (s)
nsACHTUNGTRENNUNG(C�H)aromatic 3064 (w) 3053 (w) 3050 (w)
d ACHTUNGTRENNUNG(H2O) 1620 (m) 1615 (m) 1618 (m)
nas ACHTUNGTRENNUNG(COO) 1578 (s) 1568 (s) 1570 (s)
nsACHTUNGTRENNUNG(COO) 1397 (s) 1397 (s) 1390 (s)
d(CHaromatic)in-plane 1105 (m) 1093 (m) 1102 (m)
d(CHaromatic)out-of-plane 834 (m) 837 (m) 845 (m)
d ACHTUNGTRENNUNG(COO) 755 (m) 757 (m) 755 (m)


Table 4. Crystal data and structure refinement parameters for [La2-
ACHTUNGTRENNUNG(H2O)4] ACHTUNGTRENNUNG[{C5H3N ACHTUNGTRENNUNG(COO)2}2 ACHTUNGTRENNUNG{C6H4ACHTUNGTRENNUNG(COO)2}] (I).


empirical formula C22H18N2O16La2


formula weight 844.20
crystal system monoclinic
space group P21/c (no.14)
a [O] 14.280(3)
b [O] 6.9480(14)
c [O] 13.662(3)
a[8] 90.0
b [8] 112.380(3)
g [8] 90.0
volume [O3] 1253.4(4)
Z 2
T [K] 293(2)
1calcd [gcm�3] 2.237
m [mm�1] 3.450
q range [8] 1.54 to 27.99
l (MoKa) [O] 0.71073
R indices [I>2s(I)] R1=0.0202, wR2 = 0.0557[a]


R indices (all data) R1 =0.0238, wR2 =0.0697[a]


[a] R1 =�kF0 j� jFck /� jF0 j ; wR2 = {�[wACHTUNGTRENNUNG(F0
2�Fc


2)2]/�[w ACHTUNGTRENNUNG(F0
2)2]}1/2. w=1/


[s2(F0)
2 + (aP)2 +bP], P= [max. ACHTUNGTRENNUNG(F0


2,0)+2(Fc)
2]/3, where a= 0.0379 and


b=0.2376.
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atoms, anisotropic thermal parameters for all the non-hydrogen atoms,
and isotropic thermal parameters for all the hydrogen atoms. Full-matrix
least-squares refinement against jF2 j was carried out using the WinGx
package of programs.[32] Details of the structure solution and final refine-
ments for I are given in Table 4. CCDC-674214 (I) contains the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Mechanism of the Reaction of Radicals with Peroxides and Dimethyl
Sulfoxide in Aqueous Solution


Ronit Herscu-Kluska,[a] Alexandra Masarwa,[a] Magal Saphier,[b] Haim Cohen,[a, c] and
Dan Meyerstein*[a, c]


Introduction


It is well known that the chemistry of peroxides (i.e., hydro-
gen peroxide, organic peroxides, or other peroxides such as
peroxodisulfate) in a wide variety of (industrial) chemical or
biological systems often involves radical species formed in
those solutions. Predominantly, hydroxyl radicals (or high-
oxidation-state metal–peroxide or oxo intermediates) are
produced through Fenton chemistry in the presence of cata-
lytic amounts of transition-metal ions.[1–9] Peroxides are also
known to react with reducing radicals, usually forming ROC


radicals.[10]


Hydroxyl radicals in turn react with organic molecules in
solution to produce secondary radicals, for example, alkyl


radicals.[11,12] Furthermore, in all catalytic processes involv-
ing alkyl radicals, alkylperoxyl radicals are formed in the
presence of dioxygen.[12–20] These transients are also formed
in biological systems usually during oxidative-stress phe-
nomena.[21,22] However, the reactions of alkyl and alkylper-
oxyl radicals with peroxides were not studied.
Hydroxyl radicals are known to react with dimethyl sulf-


oxide (DMSO) to produce methyl radicals or peroxomethyl
radicals in the presence of oxygen [see reactions (7)–(9)
below].[23] Indeed, the formation of methane or ethane (or
final products of methyl radicals in aerated solutions) in
DMSO-containing aqueous solutions is often taken as evi-
dence that hydroxyl radicals were intermediates in the reac-
tion mechanism and, therefore, DMSO is used as a probe
for hydroxyl radicals.[24–26]


Although DMSO is widely used to generate methyl radi-
cals in dilute aqueous solutions by radiation or Fenton
chemistry, its interactions with other radicals, which might
be formed in the solution, was not fully studied. The reac-
tion of hydroxyl radicals (produced by irradiating N2O-satu-
rated aqueous solutions or using the Fenton reagent) with
DMSO results in the production of methane and ethane,
with the respective yields dependent on dose rate (i.e. , the
steady-state concentration of the methyl radicals) and the
concentration of DMSO. Ethane, the major product, is
formed by the bimolecular radical reaction of two methyl


Abstract: The reactions of methyl and
methylperoxyl radicals derived from di-
methyl sulfoxide (DMSO) with hydro-
gen peroxide, peroxymonocarbonate
(HCO4


�), and persulfate were studied.
The major reaction observed for the
hydroperoxides was the abstraction of
the hydrogen atom by the radicals. The
radicals interact with a lone pair of
electrons on the peroxide to produce
methanol and formaldehyde. Further-
more, the results indicate that in RO2H


and RO2R’, electron-withdrawing
groups cause a considerable increase in
the reactivity of the peroxides towards
the radicals and not only towards nu-
cleophiles. The HO2C/O2C


� and CO3C
�


radicals react with DMSO to produce
methyl radicals. Thus, the formation of


the CCH3 radicals in the presence of
DMSO is not proof of the formation of
the COH radicals in the system. These
reactions must be considered when
radical processes, such as in biological
and catalytic systems, are studied. Es-
pecially, the plausible role of HCO4


�


ions in biological systems as a source
of oxidative stress cannot be over-
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radicals, whereas methane is formed by the abstraction of
hydrogen atoms from DMSO or methanesulfinic acid
(CH3SOOH).


[27,28] Recently, the rate constant of the reaction
of methyl radicals with DMSO, thus contributing towards
the formation of methane through abstraction of hydrogen
atoms from the methyl group of DMSO, according to reac-
tion (1), was reported.[29]


CCH3 þ ðCH3Þ2SO! CH4 þ CH2SðOÞCH3


k1 ¼ 100� 20m�1 s�1 ðpH 4Þ
ð1Þ


Thus, it was of interest to study the reactions of further radi-
cals with DMSO, for example, those derived from a perox-
ide/DMSO system.
As hydrogen peroxide is prevalent in biological systems[30]


and is also a product of the irradiation of dilute aqueous sol-
utions, it was of interest to study the reaction of hydrogen
peroxide with methyl or methylperoxyl (in aerated systems)
radicals derived from DMSO.
A variety of bleaching processes employ additives to cata-


lyze the reactions of peroxides, which usually involve trans-
fer reactions of oxygen atoms. Possible additives are carbo-
nates or persulfates. However, as in all systems involving
peroxides radical processes often contribute to the reaction
mechanism, it was of interest to include peroxide substitutes,
such as peroxymonocarbonate (HCO4


�) and persulfate, and
investigate their reactions with methyl or methylperoxyl rad-
icals, or rather the influence of the addition of carbonates
on the reaction between hydrogen peroxide and methyl or
methylperoxyl radicals. The results may be relevant to radi-
cal-induced biological deleterious processes[31,32] and to the
catalytic oxidation of various substrates by hydrogen perox-
ide in the presence of HCO3


� ions.[33–35]


Experimental Section


General : All the materials used were of analytical-reagent grade and
were purchased from Merck, Aldrich, or Fluka. The solutions were pre-
pared using distilled water, which was further purified by using a Milli-
pore Milli-Q system. The final resistance was better than 10MWcm�1. All
pH measurements were performed using a Corning 220 or a HANNA HI
9017 pH meter, and the pH value was adjusted by the addition of HClO4


and/or NaOH. N2O gas was purchased from Maxima. Dioxygen traces
were removed by passing the gas (He, Ar, or N2O) through a wash bottle
containing aqueous V2+ ions (0.1m) in dilute H2SO4 over zinc amalgam
(the aqueous solution of V2+ ions was prepared by the reduction of
NaVO3 with zinc amalgam) and a wash bottle containing distilled water.
All the solutions were saturated with the desired gases by bubbling the
gas through the solution in a glass syringe for 15 min.[36,37] Solutions with
the desired oxygen content were prepared by mixing degassed solutions
with oxygen-saturated solutions by syringe-to-syringe transfer.


Irradiation : A Noratom and a Nordion 60Co-g source with dose rates of
3.5–8.0 and 38—82 Gymin�1 (over the time range of the investigation),
respectively, were used for low-dose-rate experiments and analysis of the
products. The dose delivered to the vials, identical to those irradiated for
the analysis of the final product, was measured using the Fricke dosime-
ter for low-dose-rate situations (irradiation with the 60Co-g source); a so-


lution of 1.0I10�3m NaCl, 1.4I10�3m FeSO4, and 0.8 n H2SO4 was used
with G ACHTUNGTRENNUNG(FeIII)=15.6.[38]


GC analysis : GC analyses of methane and ethane were performed on a
HP 5890 gas chromatograph with FID and TCD detectors and a Poro-
pak Q column. GC analysis of methanol was performed by using a high-
space method on a Varian 3600 gas chromatograph using a MXT-WAX
capillary column (0.53 mmI30 m).


Analysis of formaldehyde: A previously reported procedure was fol-
lowed[39] in which formaldehyde reacts with a reagent containing 0.050m


acetylacetone, 1.0m ammonium acetate, and 0.033m acetic acid to form a
yellow complex. The concentration of formaldehyde was determined col-
orimetrically at the wavelength of maximum absorption (l=412 nm).


Analysis of peroxides : The concentration of peroxides was determined
by using the iodide method.[40] A solution containing KI and ammonium
heptamolybdate is mixed with a solution containing potassium biphtha-
late to obtain the following final concentrations: 3.2I10�5m ammonium
heptamolybdate, 0.02m potassium biphthalate, and 0.08m KI at pH 4.
This solution is added the samples to be analyzed, which contain various
concentrations of peroxides, and the I3


� complex is formed according to
reactions (2) and (3).


2I� þH2O2 þ 2Hþ ! I2 þ 2H2O ð2Þ


I2 þ I� Ð I3
� ð3Þ


The formation of I3
� ions is followed at the absorption maximum of l=


352 nm. This method does not differentiate between hydrogen peroxide
and other peroxides in the system.


Analysis of sulfate ions: Detection by ion chromatography on a Dionex
DX500 Instrument with an anion specific column (ION PAC AS 4 A-SC
4 mm) and a carbonate buffer as an eluant was carried out.


UV/Vis studies : A Hewlett Packard 8452 A diode array UV/Vis spectro-
photometer recorded the UV/Vis spectra.


Formation of radicals with ionizing radiation : Herein, the products of the
reaction of methyl or methylperoxyl radicals with hydrogen peroxide,
peroxymonocarbonate, or persulfate in aqueous solutions were studied.
The radicals were formed by irradiating the solutions with ionizing radia-
tion. When ionizing radiation is absorbed by a dilute aqueous solution
the initial products are formed according to reaction (4).[41]


H2O
g, e�
��!CH ð0:60Þ, COH ð2:65Þ, e�aq ð2:65Þ, H2O2 ð0:75Þ, H2 ð0:45Þ ð4Þ


The G values are given in parentheses (G values are defined as the
number of molecules of each product per 100 eV of radiation absorbed
by the solution). The distribution of these products in the solution after
1I10�7 s is homogeneous.[41]


The reactions of hydroxyl radicals were studied by saturating the solu-
tions with N2O (0.022m) to decrease the interference from other initial
radicals as a result of the reaction of N2O with the hydrated electron
[e�aq; reaction (5)].


[11]


e�aq þN2O! N2 þ COH þOH� k5 ¼ 8:7	 109 m�1 s�1 ð5Þ


It is important that [H+] was kept below 1I10�3m as e�aq reacts in a dif-
fusion-controlled manner with protons [reaction (6)].[11] Under these con-
ditions, the hydrated electrons all react with N2O to yield the hydroxyl
radical as the major product.


e�aq þH3O
þ ! CHþH2O k6 ¼ 2:2	 1010 m�1 s�1 ð6Þ


Methyl radicals were formed in aqueous solutions containing DMSO by
reactions (7) and (8).[27]


COHþ ðCH3Þ2SO! ðCH3Þ2SCðOÞOH k7 ¼ 7:0	 109 m�1 s�1 ð7Þ


ðCH3Þ2SCðOÞOH! CH3SðOÞOHþ CCH3 k8 ¼ 1:5	 107 s�1 ð8Þ
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In solutions containing dioxygen, methyl, or other alkyl radicals (CR) are
converted into the corresponding peroxyl (RO2C) radicals in reactions ap-
proaching the diffusion controlled limit [reaction (9)]; for example:


O2 þ CCH3 ! COOCH3 k9 ¼ 4:1	 109 m�1 s�1 ½42, 43� ð9Þ


Results and Discussion


Reaction of hydrogen peroxide with methyl radicals : N2O-
saturated aqueous solutions containing hydrogen peroxide
(0.50–1.5I10�3m) and DMSO (0.10m) at pH 5.5 were irradi-
ated in vials with a 60Co-g source (230 radmin�1) for a total
dose of 6900—100000 rad. Blank solutions contained only
DMSO (0.10m). The resulting mixtures were analyzed by
GC for the gaseous products ethane and methane (Table 1).
As expected, N2O-saturated solutions containing DMSO
only result in the production of methane and ethane.[27,28]


The relative yields of methane and ethane depend on the
concentration of DMSO and the dose rate, as these gases
are formed by reactions (1) and (10).


2 CCH3 ! C2H6 ð10Þ


Thus, a combined G ACHTUNGTRENNUNG(CCH3) value of 6.0 results, that is, all the
initially produced hydroxyl radicals during the radiolysis of
aqueous solutions are converted into methyl radicals.
On the introduction of hydrogen peroxide into the


system, the yield of ethane decreases slightly versus the
DMSO blanks, whereas the yield of methane increases dra-
matically, thus resulting in a combined G ACHTUNGTRENNUNG(CCH3) value of up
to 10.7 under the above conditions; that is, more methyl rad-
icals were produced relative to the initial radical yield (G=


6.0). Therefore, the presence of hydrogen peroxide in solu-
tion induces the production of additional methyl radicals.
The reaction of methyl radicals with hydrogen peroxide


has been studied,[44] but the results given herein differ con-
siderably from those previously reported for a system con-
taining less DMSO[44] (10�3–10�2m vs. 0.10m in this system).
The rate constant of the abstraction of hydrogen atoms from
hydrogen peroxide by the methyl radical has been reported
[reaction (11)]:[44]


CCH3 þH2O2 ! CH4 þ CHO2 k11 ¼ 2:7	 104 m�1 s�1 ð11Þ


whereas the reaction of methyl radicals with hydrogen per-
oxide to produce the hydroxyl radicals has been ruled out.
In the previous study (which used relatively low concentra-
tions of DMSO), the production of methane increased with
increasing concentration of hydrogen peroxide, but no cata-
lytic effect had been observed.[44]


The present results indicate that at relatively high concen-
trations of DMSO and low dose rates reaction (11) is fol-
lowed by reaction (12) (pKa value of HO2C is 4.8


[45]).


ðCH3Þ2SOþHO2
C=O2


C� ! ðCH3Þ2SCO2H!
CCH3 þ CH3SðOÞOOH=CH3SðOÞOO�


ð12Þ


This behavior is the source of the additional yield of methyl
radicals.
It should be pointed out that one cannot rule out the pos-


sibility that reaction (13), which is analogous to reac-
tion (31), also occurs.


Table 1. Products from irradiated solutions containing 0.10m DMSO with/without the addition of hydrogen peroxide at various concentrations and/or
the addition of bicarbonate.


ACHTUNGTRENNUNG[H2O2] [m] G(peroxides)[a] G ACHTUNGTRENNUNG(CH3OH) G ACHTUNGTRENNUNG(CH2O) G ACHTUNGTRENNUNG(C2H6) G ACHTUNGTRENNUNG(CH4) pH ACHTUNGTRENNUNG[HCO3
�] [m] G(peroxides)[a] G ACHTUNGTRENNUNG(CCH3)


[b]


0 – – – 1.5 3.0 5.5 – – 6.0
5.0I10�4 – – – 1.2 6.6 5.5 – – 9.0
1.0I10�3 – – – 1.1 8.5 5.5 – – 10.7
1.5I10�3 – – – 0.9 8.9 5.5 – – 10.7


0 0.4 0 0 1.5 3.0 8.8 0.4 6.0
5.0I10�4 0.2 0.5 0.24 1.2 6.7 8.8 – 0.2 9.8
1.0I10�3 0.1 1.2 0.26 1.1 8.5 8.8 – 0.1 12.2
1.5I10�3 0 1.8 0.28 0.9 9.0 8.8 – 0 12.9


0 0.4 0 0 2.3 5.0 8.8 0.050 0.4 9.6
5.0I10�4 0.1 0.6 0.28 1.2 5.8 8.8 0.050 0.1 9.1
1.0I10�3 0 1.3 0.49 1.1 4.2 8.8 0.050 0 8.2
1.5I10�3 0 1.9 0.70 1.1 3.2 8.8 0.050 0 8.0


0 0.4 0 0 2.6 5.2 8.8 0.10 0.4 10.4
5.0I10�4 0.1 0.6 0.32 1.3 5.6 8.8 0.10 0.1 9.1
1.0I10�3 0 1.6 0.54 1.2 3.7 8.8 0.10 0 8.3
1.5I10�3 0 2.1 0.72 1.2 3.0 8.8 0.10 0 8.2


[a] G(peroxides)=G ACHTUNGTRENNUNG(H2O2)+G ACHTUNGTRENNUNG(CH3OOH)+G ACHTUNGTRENNUNG(CH3S(O)OOH)+GACHTUNGTRENNUNG(HO2CH2ACHTUNGTRENNUNG(CH3SO); the analysis of peroxides (see Materials and Methods) does not
differentiate between these peroxides. [b] G ACHTUNGTRENNUNG(CH3OH)+G ACHTUNGTRENNUNG(CH2O)+2GACHTUNGTRENNUNG(C2H6)+G ACHTUNGTRENNUNG(CH4)=G ACHTUNGTRENNUNG(CCH3); given under the assumption that all radicals react to
produce these products exclusively.
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ðCH3Þ2SOþHO2
C ! H2O2 þ CCH2ðCH3ÞSO ð13Þ


The results suggest that reaction (12) is relatively slow, and
therefore the chain reaction is short and observed only at
relatively high concentrations of DMSO. The results, thus,
indicate that methyl radicals are formed not only by the re-
action of the hydroxyl radicals with DMSO, but also by its
reaction with the superoxide radicals.


Possible termination reactions are given by reactions (1),
(10), and (14)–(16).


2HO2
C ! H2O2 þO2 ð14Þ


CHO2 þ CCH3 ! CH3O2H ð15Þ


CCH2ðCH3ÞSOþHO2
C=CCH3 !


HOOCH2ðCH3ÞSO=CH3CH2SðCH3ÞO
ð16Þ


It should be mentioned that especially under conditions of
long irradiation times the oxygen produced in reaction (14)
(rather quickly under these pH conditions) would react with
the methyl radicals to produce methylperoxyl (COOCH3)
radicals.


The fact that the production of ethane decreases slightly
in samples containing hydrogen peroxide in a concentration-
dependent fashion is in accord with the relatively low rate
constant of reaction (11), which therefore lowers only slight-
ly the steady-state concentration of the methyl radicals.


The effect of bicarbonate on the reaction of methyl radicals
with hydrogen peroxide : In the bleaching industry, peroxy-
monocarbonate, also called peroxocarboxylic acid, is often
employed as a substitute for hydrogen peroxide. It is well
known that the addition of carbonate accelerates the reac-
tion of hydrogen peroxide with various reductants as the
considerably more reactive peroxycarbonate ion (HCO4


�) is
produced.[46,47] The method for the activation of hydrogen
peroxide by bicarbonate developed by Drago and co-work-
ers[48,49] encompasses an intermediate peroxomonocarbonate
complex as the oxidizing species in the chain reaction. The
reaction between hydrogen peroxide and bicarbonate to
form HCO4


� ions proceeds very quickly at room tempera-
ture in aqueous solutions at approximately neutral pH.
Peroxymonocarbonate is formed in the equilibrium reac-


tion (17) and subsequently oxidizes nucleophilic substrates
(S) [reaction (18); NHE=normal hydrogen elec-
trode].[46,47,50]


H2O2 þHCO3
� Ð HCO4


� þH2O k17 ¼ 0:33m�1 ð17Þ


SþHCO4
� k18
�!SOþHCO3


� EoðHCO4
�=HCO3


�Þ ¼
1:8� 0:1 V ðvs NHE=25 �CÞ


ð18Þ


The second-order rate constants k18 of the oxidizing reaction
of HCO4


� ions are generally several orders of magnitude


(200–2000, depending on the substrates) larger than the re-
spective reactions with hydrogen peroxide.[46,47]


In general, peroxocarboxylic acids are formed by the reac-
tion of RC(O)X with hydrogen peroxide [reaction (19)].


RCðOÞXþH2O2 ! RCðOÞOOHþHX ð19Þ


The activation of hydrogen peroxide by bicarbonate has re-
cently been studied intensively as the hydrogen peroxide/bi-
carbonate system has the potential to replace organic perox-
ides or peroxo acids in organic syntheses (e.g., epoxidation
of olefins), in bleaching processes, and as active ingredients
in cleaning agents. The reactive hydrogen peroxide/carbon-
ate complex is also of importance in biological systems in
which the HCO4


� ion is one of the reactive oxygen species
(ROS) that contributes to oxidative stress in biological sys-
tems.[21,22]


N2O-saturated aqueous solutions containing hydrogen
peroxide (0.50–1.5I10�3m) and DMSO (0.10m) at pH 8.8,
and solutions with added bicarbonate (0.050 or 0.10m) were
irradiated in vials with a 60Co-g source (230 radmin�1) for a
total dose of 6900–100000 rad. Blank solutions contained
only DMSO (0.10m). The resulting mixtures were initially
analyzed by GC for the gaseous products ethane, methane,
and, later on, formaldehyde, methanol, and peroxides ac-
cording to the procedures given above (Table 1, Figure 1,


and Figure 2. In the absence of hydrogen peroxide, the addi-
tion of bicarbonate had a major influence on the yield of
methyl radicals produced in the system. Therefore, it should
be concluded that reaction (20) takes place in addition to re-
actions (1) and (10):


CCH3 þHCO3
� ! CH4 þ CO3


C� ð20Þ


or less probably reactions (21) and (22) occur:


CCH3 þ CO3
2� Hþ
�!CH4 þ CO3


C� ð21Þ


CO3
C� þ ðCH3Þ2SO H2O


��!CCH3 þ CH3SðOÞOCO2
�=


ðCH3SðOÞOHþ CO3
2�Þ


ð22Þ


Figure 1. Methane production in irradiated, deaerated aqueous solutions
containing DMSO (0.10m), hydrogen peroxide (0–0.0015m), and hydro-
gen carbonate (0–0.1m) at pH 8.8.
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It is plausible that also the termination reaction (23) plays a
role.


CCH3 þ CO3
C� ! CH3OCO2


� ð23Þ


It should be pointed out that the results indicate that reac-
tion (20) is not fast, and therefore the yield of ethane in-
creases with increasing concentration of bicarbonate. The
reaction of the methyl radicals with bicarbonate has not
been reported so far. It should be noted that probably other
alkyl radicals formed in the presence of bicarbonate will
react similarly. Likewise, reaction (22) has not been reported
and should be taken into account in all systems containing
DMSO and bicarbonate.
With the introduction of hydrogen peroxide into the bi-


carbonate-containing system, the total yield of the methyl
radicals (initially calculated from the yield of the gaseous
products ethane and methane alone) decreases dramatically,
even below G=6.0. Thus, it is obvious that additional prod-
ucts besides ethane and methane are formed from the reac-
tions of the methyl radicals in this system. Thus, the search
for products was extended to include the plausible products
methanol, formaldehyde, and peroxides. The total yield of
peroxides was determined without differentiating between
them. No other products were observed in any of these ana-
lytical techniques.
It is seen that while the addition of hydrogen peroxide or


bicarbonate alone increases the total yield of methyl radi-
cals, this yield decreases on the addition of both solutes into
the system. This behavior is mainly evident in a drastic de-
crease in the amount of methane produced in those systems
containing hydrogen peroxide and bicarbonate. The de-
crease in ethane production on changing the concentration
of hydrogen peroxide on the other hand is very similar with
or without the addition of bicarbonate into the system.
These results indicate clearly that the methyl radicals react
with the complex anion OC(O�)OOH as methyl radicals
react with excess bicarbonate or hydrogen peroxide through
reactions (11) or (20) and eventually reproduce methyl radi-
cals through the chain reactions (22) or (12). Thus, reac-


tion (24) is clearly faster than reactions (20) or (11), though
under the experimental conditions [H2O2]=30 ACHTUNGTRENNUNG[HCO4


�].


CCH3 þ ðOÞCðO�ÞOOH! products ð24Þ


Analysis of the product distribution shows that whereas the
yield of methanol is nearly independent of the bicarbonate
concentration, the yield of formaldehyde rises with increas-
ing bicarbonate concentration. Both formaldehyde and
methanol are formed in parallel reactions [reactions (25a)
and (25b)].


A conceivable intermediate
that leads to the formation of
methanol is A, whereas formal-
dehyde is derived by reaction
(26).


As the combined yield of methanol and formaldehyde is
small relative to the total amount of methyl radicals pro-
duced in the system, it is plausible that methane is produced
by reaction (27).


CCH3 þ ðOÞCðO�ÞOOH! CH4 þ ðOÞCðO�ÞOOC ð27Þ


It is also plausible that the radical (O)C(O�)OOC does not
react with DMSO to produce further methyl radicals. The
fate of the latter radical with DMSO might involve abstrac-
tion of a hydrogen atom to form CCH2ACHTUNGTRENNUNG(CH3)SO or oxidation
of the sulfoxide to sulfone. It should be noted that in GC
analysis of solutions containing bicarbonate and hydrogen
peroxide at least one further product, not identified, is ob-
served. The main conclusion to be drawn from the bicarbon-
ate/hydrogen peroxide/DMSO system is that the formation
of the (O)C(O�)OOH complex accelerates and alters the
mechanism of reaction of hydrogen peroxide with methyl
radicals.
It should be mentioned that the yield of the peroxide


products measured under the experimental conditions is not
accurate, as the amount of peroxides produced in the system
is relatively small compared with the initial concentration of
hydrogen peroxide. Moreover, G(peroxides)=0 indicates
that peroxides in those systems disappear. As GACHTUNGTRENNUNG(H2O2)=


0.75 for the irradiation of dilute aqueous solutions, approxi-


Figure 2. Ethane production in irradiated, deaerated aqueous solutions
containing DMSO (0.10m), hydrogen peroxide (0–0.0015m), and hydro-
gen carbonate (0–0.1m) at pH 8.8.
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mately this amount is destroyed in those systems that show
G(peroxides)=0. This yield is also approximately equal to
the yield of formaldehyde produced in those systems, thus
supporting the proposed mechanism.


Reaction of hydrogen peroxide with methylperoxyl radicals :
Alkyl radicals form peroxoalkyl radicals in the presence of
dioxygen, therefore methyl radicals are converted exclusive-
ly into methylperoxyl (CO2CH3) radicals in aerated solutions.
In general, these species are relatively strong one-electron
oxidants.[10] Moreover, the chemistry of organic peroxyl radi-
cals ROOC is characterized by their biradical reactions, thus
leading to the formation of a variety of products, as shown,
for example, in reaction (28).


2 ðCH3Þ2CHOOC ! ðCH3Þ2CHOOHþ ðCH3Þ2COþ 1=2O2=
1O2


ð28Þ


The chemistry of organic peroxyl radicals in aqueous solu-
tion has been intensively studied by von Sonntag and co-
workers.[51] In general, the first intermediate formed by bi-
molecular reactions of two peroxyl radicals is an intermedi-
ate of the type given in reaction (29).


2R1R2CH�OOC ! R1R2CHOOOOCHR2R1


ðR1, R2 ¼ H or alkylÞ
ð29Þ


The dimer produced in reaction (29) is short-lived and can
decompose according to reactions (30a)–(30d), which often
occur in parallel.


Thus, the final products of the decomposition of CH3OOC in
aqueous solutions are 50% CH2O, 27% CH3OH, 14%
CH3OOH, 5% HCO2H, and 2% CH3OOCH3,


[51] with the
detection of 23% of H2O2 (all the given percentages are rel-
ative to the yield of the hydroxyl radical). Obviously in this
case, 56% of the radicals react by reaction (30a), which is
basically a disproportionation reaction.
N2O/O2-saturated (70:30) aqueous solutions containing


hydrogen peroxide (0.50–1.5I10�3m) and DMSO (0.10m) at
pH 5.5 and 8.8 were irradiated in vials with a 60Co-g source
(230 radmin�1) for a total dose of 6900–100000 rad. Blank
solutions contained only DMSO (0.10m). The resulting mix-
tures were analyzed for the products methanol, formalde-
hyde, and peroxides (Table 2).
The results clearly show that in the absence of bicarbon-


ate only the pH of the solution affects the formaldehyde


and methanol yields, which is in accord with a previous
report.[52] On the other hand, the addition of hydrogen per-
oxide affects the yield of peroxides. The fact that the pro-
duction of formaldehyde and methanol is independent of
the concentration of hydrogen peroxide indicates that hy-
drogen peroxide does not react or reacts very slowly with
CO2CH3 radicals, as otherwise at least one of those product
yields would have been influenced.
The increased yield of peroxides can be explained by re-


actions (31)–(33).


CH3O2
C þ ðCH3Þ2SO! CH3O2Hþ CCH2ðCH3ÞSO ð31Þ


CCH2ðCH3ÞSOþO2 ! CO2CH2ðCH3ÞSO ð32Þ


CO2CH2ðCH3ÞSOþH2O2
H2O
��! HO2


C=ðO2
� C þH3O


þÞ
þHO2CH2ðCH3ÞSO


ð33Þ


If reaction (34), which is analogous to reaction (12), contrib-
utes to the mechanism, it does so also in the absence of hy-
drogen peroxide and would not influence the yield of any of
the measured products.


CH3O2
C þ ðCH3Þ2SO! CCH3 þ CH3SðOÞOOCH3 ð34Þ


The main product of the reaction of methylperoxyl radicals
(CO2CH3) with each other is formaldehyde [reaction (30)].


[51]


The effect of bicarbonate on the reaction of hydrogen per-
oxide with methylperoxyl radicals : N2O/O2-saturated (70:30)


Table 2. The effect of the addition of hydrogen peroxide on the produc-
tion of methanol, formaldehyde, and peroxides in irradiated, aerated sol-
utions containing 0.10m DMSO.[a]


ACHTUNGTRENNUNG[H2O2] [m] ACHTUNGTRENNUNG[HCO3
�] [m] G ACHTUNGTRENNUNG(CH2O) pH G ACHTUNGTRENNUNG(CH3OH) G(peroxides)[b]


0 – 2.8 5.5 1.5 2.9
5.0I10�4 – 2.8 5.5 1.5 2.9
1.0I10�3 – 2.8 5.5 1.5 3.7
1.5I10�3 – 2.8 5.5 1.5 4.8


0 – 3.2 8.8 1.1 3.0
5.0I10�4 – 3.2 8.8 1.1 3.0
1.0I10�3 – 3.2 8.8 1.1 3.2
1.5I10�3 – 3.2 8.8 1.1 4.8


0 0 3.2 8.8 1.1 3.0
0 0.050 3.2 8.8 1.1 3.0
0 0.10 3.2 8.8 1.1 3.0


5.0I10�4 0 3.2 8.8 1.1 3.0
5.0I10�4 0.050 2.8 8.8 1.5 1.8
5.0I10�4 0.10 2.4 8.8 1.9 1.4
1.0I10�3 0 3.2 8.8 1.1 3.2
1.0I10�3 0.050 2.8 8.8 1.5 1.7
1.0I10�3 0.10 2.3 8.8 2.0 1.1
1.5I10�3 0 3.2 8.8 1.1 4.8
1.5I10�3 0.050 2.7 8.8 1.6 2.7
1.5I10�3 0.10 2.3 8.8 2.0 0.8


[a] G ACHTUNGTRENNUNG(CH3OH)+G ACHTUNGTRENNUNG(CH2O)+2G ACHTUNGTRENNUNG(C2H6)+G ACHTUNGTRENNUNG(CH4)=G ACHTUNGTRENNUNG(CCH3); given
under the assumption that all radicals react to produce these products ex-
clusively. [b] G(peroxides)=G ACHTUNGTRENNUNG(H2O2)+G ACHTUNGTRENNUNG(CH3OOH)+G-
ACHTUNGTRENNUNG(CH3S(O)OOH)+G ACHTUNGTRENNUNG(HO2CH2 ACHTUNGTRENNUNG(CH3SO); analysis of the peroxides (see
Materials and Methods) does not differentiate between these peroxides.


Chem. Eur. J. 2008, 14, 5880 – 5889 ? 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5885


FULL PAPERReactions of Methyl and Methylperoxyl Radicals



www.chemeurj.org





aqueous solutions containing hydrogen peroxide (0.50–1.5I
10�3m) and DMSO (0.10m) at pH 8.8 and solutions with
added bicarbonate (0.050 or 0.10m) were irradiated in vials
with a 60Co-g source (230 radmin�1) for a total dose of
6900–100000 rad. Blank solutions contained only DMSO
(0.10m). The resulting mixtures were analyzed for the prod-
ucts methanol, formaldehyde, and peroxides (Table 2).
The results show that:


1) The addition of bicarbonate does not influence the yield
of the products in the absence of hydrogen peroxide;
thus, we conclude that methylperoxyl radicals do not
react or react very slowly with bicarbonate.


2) Despite this fact, the yield of the products changes dra-
matically by the addition of bicarbonate in the presence
of hydrogen peroxide (though under the experimental
conditions [H2O2]=30 ACHTUNGTRENNUNG[HCO4


�]), in particular:


a) the yield of formaldehyde decreases on the addition of
bicarbonate;


b) the yield of methanol rises with increasing bicarbonate
concentration;


c) the sum of these two products (methanol and formalde-
hyde) is independent of the concentration of hydrogen
peroxide or bicarbonate;


d) the yield of peroxides decreases with increasing bicar-
bonate concentration in solution.


Therefore, the following conclusions can be drawn:


1) The yield of formaldehyde is reduced to only two thirds
of the amount produced in solutions not containing bi-
carbonate; thus, k(CH3O2C+HCO4


�)=


10k(CH3O2C+H2O2).
2) The main reaction in bicarbonate containing solutions is


shown in reaction (35).


This reaction clearly does not proceed by an outer-
sphere mechanism, and probably a free CH3O2


+ ion is
not formed, rather a partial positive charge, which results
in an attack by an OH� ion or water. This reaction in-
creases the yield of methanol and decreases the yield of
the products, mainly formaldehyde and peroxides,
formed in reaction (36).


2CH3O2
C ! products ð36Þ


The methylperoxyl radical acts as a reducing species (for-
mally resulting in a CH3O2


+ species) in contrast to most
of its typical reactions,[51] though disproportionation reac-
tions [e.g., reaction (30a)] are observed.


3) The dramatic decrease in the yield of the peroxide in the
presence of bicarbonate shows that k35=3000k31.


The results discussed above show that the HCO4
� ion is


considerably more reactive toward the CH3O2C radicals than
hydrogen peroxide. Moreover, the formation of the HCO4


�


ion changes the mechanism of the reaction between the rad-
icals and hydrogen peroxide at least partially and, therefore,
the product distribution of the reaction. Thus, it is seen that
the addition of bicarbonate to hydrogen peroxide also cata-
lyzes the reaction of bicarbonate with radicals and not just
nucleophiles. These findings are in accord with the use of bi-
carbonate as an enhancer of hydrogen peroxide in industrial
oxidations. Furthermore, the above findings might help to
shed light on important mechanisms in biological reactions.


The reaction of persulfate with methyl radicals : Many
bleaching processes employ peroxide/persulfate
(�O3SOOSO3


�) systems, and the sulfate radical (SO4C
�) has


been widely assumed to be the reactive species. Persulfate
differs from other peroxide ROOH systems in that the ab-
straction of a hydrogen atom by methyl radicals [reac-
tion (11)] is not possible in this case.
N2O-saturated aqueous solutions containing persulfate


(0.10–1.0I10�3m) and DMSO (0.10m) at pH 4.5 were irradi-
ated in vials with a 60Co-g source (230 radmin�1) for a total
dose of 6900–100000 rad. Blank solutions contained only
DMSO (0.10m). The resulting mixtures were analyzed by
GC for the gaseous products ethane and methane and for
the plausible products methanol, formaldehyde, and sulfate
ions (Table 3). The yields of ethane and methane decreased
with increasing persulfate concentration. That the yield of
ethane or methane is not decreased considerably more, indi-
cates that the reaction of persulfate with the methyl radicals
is not fast. The addition of persulfate to the system also
leads to the formation of methanol (the yield of methanol
rises with increasing persulfate concentration), whereas
formaldehyde was not formed. These products led to a com-
bined sum of G=6 for the yield of the methyl radical
(Table 3). Moreover, the formation of sulfate ions was mea-
sured, and it is clear that sulfate ions are produced in a cata-
lytic process (Figure 3).
Analysis of the products from the experimental studies


suggest a mechanism given in reactions (37)–(39).


Table 3. Irradiation products of solutions containing 0.10m DMSO with/with-
out the addition of persulfate of varying concentrations.[a]


[persulfate] [m] pH G ACHTUNGTRENNUNG(CH4) G ACHTUNGTRENNUNG(C2H6) G ACHTUNGTRENNUNG(CH3OH) G ACHTUNGTRENNUNG(SO4
2�) G ACHTUNGTRENNUNG(CCH3)


[b]


0 4.5 3.0 1.5 0 0.1 6.0
1.0I10�4 4.5 2.6 1.4 0.6 11 6.0
2.0I10�4 4.5 2.5 1.3 0.9 23 6.0
4.0I10�4 4.5 2.5 1.3 1.0 47 6.1
8.0I10�4 4.5 2.4 1.2 1.2 89 6.0
10.0I10�4 4.5 2.4 1.2 1.3 120 6.1


[a] CH2O was not detected in these experiments. [b] G ACHTUNGTRENNUNG(CH3OH)+2G-
ACHTUNGTRENNUNG(C2H6)+G ACHTUNGTRENNUNG(CH4)=G ACHTUNGTRENNUNG(CCH3); given under the assumption that all radicals
react to produce these products exclusively.
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CCH3 þ S2O8
2� H2O
��!ðCH3


þ=CH3OHÞ þ SO4
2� þ SO4


C� ð37Þ


SO4
C� þ ðCH3Þ2SO! CCH2ðCH3ÞSOþHþ þ SO4


2� ð38Þ


CCH2ðCH3ÞSOþ S2O8
2� H2O
��!SO4


C� þHOCH2ðCH3ÞSO
þHþ þ SO4


2�
ð39Þ


This mechanism explains the catalytic formation of sulfate
ions in this system. At high doses slightly more than twice
the total amount of persulfate in the system is detected as
sulfate ions; therefore, the additional sulfate ions must stem
from the oxidation of DMSO. The explanation for this find-
ing is that apparently reaction (40) is faster than reac-
tion (38), which should also hold true for CH(O)S(O)CH3


and the final products in this chain of reactions, the end
product of which is sulfate.


SO4
C� þHOCH2ðCH3ÞSO! SO4


2� þHþ þ CCHðOHÞSðOÞCH3


ð40Þ


The fact that reaction (38) occurs and not reaction (41) is in-
teresting, as it proves that oxidizing radicals with different
characteristics react differently with DMSO.


SO4
C� þ ðCH3Þ2SO! CCH3 þ CH3SðOÞOSO3


� ð41Þ


Thus, the radicals COH, HO2C, and CO3C
� react predominantly


by the pathway that produces methyl radicals, whereas the
abstraction of hydrogen atoms from the methyl groups of
DMSO probably also plays a role. On the other hand, SO4C


�


radicals react exclusively by the pathway of the abstraction
of hydrogen atoms from the methyl group, otherwise a yield
of GACHTUNGTRENNUNG(CCH3)>6 would have been found.


From the decrease in the concentration of ethane and
methane, the radiation dose rate, and the rate constants for
reactions (1) and (10) (k1=100[29] and k10=1.2–1.6I
109m


�1 s�1, respectively),[43] the rate constant for reac-
tion (37) can be estimated as k37=500�250m


�1 s�1. This
value is not very accurate because of the decomposition of
persulfate in the chain reaction.


The reaction of persulfate with methylperoxyl radicals :
Whereas the sulfate radical (SO4C


�) has been widely as-
sumed to be the reactive species in all persulfate-containing
radical reactions, a recent report shows that in aerated solu-
tions (under oxidizing conditions) the radical anion O2S2O8C


�


is also involved.[53]


N2O/O2-saturated (70:30) aqueous solutions containing
persulfate (0.10–1.0I10�3m) and DMSO (0.10m) at pH 4.5
were irradiated in vials with a 60Co-g source (230 radmin�1)
for a total dose of 6900–100000 rad. Blank solutions con-
tained only DMSO (0.10m). The resulting mixtures were an-
alyzed for the products methanol, formaldehyde, and sulfate
ions (Table 4). No peroxide final products were detected;


moreover, all the persulfate decomposed during the irradia-
tion at such high doses. The yield of formaldehyde decreases
with increasing persulfate concentration, whereas the yield
of methanol increases. These results clearly show that form-
aldehyde is formed by the biradical reaction of two methyl-
peroxyl radicals [reaction (42)].


2 CH3O2
C ! products ð42Þ


Clearly the reaction of methylperoxyl radicals with persul-
fate yields only methanol [reaction (43)].


CH3O2
C þ S2O8


2� ! products ð43Þ


In aerated solutions (reaction of persulfate with methylper-
oxyl radicals), a high yield of sulfate is detected that is con-
siderably higher than from the reaction of persulfate with
methyl radicals. The increase in the concentration of sulfate
ions is independent of dose rate and only dependent on the
persulfate concentration. The long chain reaction suggests
that under our experimental conditions SO4C


� is the chain
carrier and not S2O8CO2C


� or SO6C
�.


It is suggested that in reaction (43) an intermediate (B) is
formed in which the methylperoxyl radical is bound to one
oxygen atom of the peroxo group of the persulfate. This in-
termediate can then decompose into CH3O2


+ +SO4C
�+


SO4
2�, which will be followed by reaction (44).


Table 4. Irradiation products of aerated aqueous solutions containing
0.10m DMSO with/without the addition of persulfate of varying concen-
trations.


[persulfate] [m] pH G ACHTUNGTRENNUNG(CH2O) G ACHTUNGTRENNUNG(CH3OH) G ACHTUNGTRENNUNG(SO4
2�) G ACHTUNGTRENNUNG(CCH3)


[a]


0 4.5 2.8 1.5 0.7 4.3
1.0I10�4 4.5 2.5 1.8 7.2 4.3
2.0I10�4 4.5 2.2 2.1 106 4.3
4.0I10�4 4.5 1.7 2.6 195 4.3
8.0I10�4 4.5 0.7 3.6 422 4.3
10.0I10�4 4.5 0.4 3.9 538 4.3


[a] G ACHTUNGTRENNUNG(CH3OH)+G ACHTUNGTRENNUNG(CH2O)=G ACHTUNGTRENNUNG(CCH3); given under the wrong assump-
tion [see reaction (31)] that all radicals react to produce these products
exclusively.


Figure 3. Comparison of sulfate formation in irradiated, deaerated or aer-
ated aqueous solutions containing DMSO (0.10m) and persulfate (0–
0.001m) at pH 4.5.
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CH3O2
þ ! CH3


þ þO2 ! CH3OHþHþ ð44Þ


The formed sulfate radical anion reacts as above (in deaer-
ated solutions) by reaction (36) with DMSO. In the case of
aerated solutions, reaction (37) is possibly replaced by reac-
tion (43), which gives reaction (45).


CCH2ðCH3ÞSOþO2 ! CO2CH2ðCH3ÞSO ð45Þ


The CO2CH2ACHTUNGTRENNUNG(CH3)SO radical reacts further with persulfate
in a manner analogous to reaction (44). Thus, it is obvious
that in aerated solutions DMSO is oxidized to a greater
extend (and therefore more sulfate product is formed) than
in solutions not containing dioxygen. It should be pointed
out that in reaction (45) the methylperoxyl radical acts as a
reducing agent and not as oxidizing agent as in common re-
actions. Thus, alkylperoxyl radicals can act as reducing
agents with suitably strong oxidants.


Conclusion


The reactions of methyl and methylperoxyl radicals derived
from DMSO with hydrogen peroxide, peroxymonocarbonate
(HCO4


�), and persulfate were studied and led to the follow-
ing general conclusions:


1) The formation of methyl radicals in the presence of
DMSO is not a proof of the formation of hydroxyl radi-
cals in the system. The results show that HO2C/O2C


� and
CO3C


� radicals react with DMSO to produce methyl radi-
cals as well [reaction (46)].


HO2
C=CO3


C�þðCH3Þ2SO! CCH3þCH3SðO2HÞO=
CH3SðOCO2


�ÞO
ð46Þ


Thus, DMSO cannot be used as a hydroxyl radical probe
compound, even in biological systems.[24–26]


2) In the reaction of radicals with peroxides, the major re-
action observed for hydroperoxides is the abstraction of
hydrogen atoms by the radicals. However, the radicals
also interact with a lone pair of electrons on the perox-
ide, thus producing methanol and formaldehyde. This re-
action becomes considerably slower when ROOR species
(e.g., persulfate) are involved, as the abstraction of a hy-
drogen atom is not available in these systems. Further-


more, the results point out that RO2H or RO2R’ elec-
tron-withdrawing groups considerably increase the reac-
tivity of the peroxides towards radicals and not only to-
wards nucleophiles [reactions (47) and (48)].


CCH3 þRO2H! CH4=CH3OH=CH2OþRO2
C=products


ð47Þ


CO2CH3 þRO2H! CH3OH=CH2OþRO2
C=products ð48Þ


3) In the reaction of radicals with CO4H/CO4
� three differ-


ent mechanisms seem to prevail : a) the abstraction of hy-
drogen atoms; b) attack on the near oxygen atom;
c) attack on the far oxygen atom of the peroxide group.


Each of these mechanisms yields a different product.
These reactions have to be considered in biological systems
in which HCO3


� ions are always present. Finally, in any radi-
cal-induced process, including in biological systems, the re-
actions of secondary radicals (alkyl or alkylperoxyl species)
with peroxides in the presence of peroxides have to be con-
sidered.
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Introduction


During the past 20 years, an increasingly broad range of syn-
thetic ionophores, pore-formers, and channel model com-
pounds or assemblies has been designed, prepared, and their
transport properties have been evaluated.[1] A considerable
portion of this interest has focused recently on the develop-
ment and characterization of synthetic anion transporters
and channels.[1–6] Current, key challenges are to demonstrate
the transport capabilities of a model channel system[7] and
then to understand the structure and dynamics of the func-
tioning transporter.[8,9] In this report, we bring to bear an


array of analytical methods that have thus far been little
used in this area.


We have developed a series of amphiphilic, heptapeptide-
based channels known as synthetic anion transporters
(SATs). Extensive structure–activity relationship studies
have demonstrated that these molecules form selective chlo-
ride-conducting pores in liposomes[10] and planar bilayer
membranes,[11] and they transport chloride ions in mammali-
an cells.[12] The general formula for amphiphilic SAT mole-
cules in the current study is R1


2NCOCH2OCH2CO-(Gly)3-
Pro-(Gly)3-OR2, where R1 and R2 are aliphatic or aromatic.


Varying the N- and C-terminal residues (R1 or R2, respec-
tively) in these SAT molecules significantly affects transport
efficacy.[13] The original SAT design featured two octadecyl
chains at the N-terminus that were incorporated to aid in
membrane insertion. When R1 was shortened, channel activ-
ity increased, but anion selectivity decreased. A benzyl
moiety was initially present at R2 to prevent ionization of
the C-terminal carboxyl group. Variations in R2 (ethyl, iso-
propyl, n-heptyl, n-decyl, or n-octadecyl) revealed that C-
terminal ester chains of intermediate length (n-heptyl, n-
decyl) exhibited the highest chloride transport efficacy.
These findings clearly revealed the efficacy of the transport-
ers once they were present and functioning in the bilayer,


Abstract: The amphiphilic heptapepti-
des—referred to as synthetic anion
transporters (SATs)—mediate chloride
transport in planar lipid bilayer mem-
branes, synthetic liposomes, and mam-
malian cells. The SATs described have
the general formula
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2NCOCH2OCH2CO-(Gly)3-Pro-
(Gly)3-OR2. Substitution at R1 and R2
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sive structure-activity relationship stud-
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but it is equally important to understand how they aggregate
in the bulk aqueous phase and/or insert into the membrane.


When SAT monomers form a pore, several discrete pro-
cesses must occur.[14] The amphiphile is typically injected
into the aqueous, liposome-containing suspension in an or-
ganic solvent. The solvent presumably disperses immediate-
ly, leaving a suspension of the amphiphiles in water. These
amphiphiles may insert into the bilayer or aggregate in
water into new assemblies. If the latter occurs, vesicular
fusion may be required for the synthetic transporter to pen-
etrate the membrane. In this case, self-assembly/deaggrega-
tion is a critical precursor step to pore-formation.


We report here an investigation of aggregation behavior
using a Langmuir trough and Brewster angle microscopy
(BAM) in conjunction with dynamic light scattering (DLS)
and transmission electron microscopy (TEM). Both DLS
and TEM give information on the aggregation behavior of
SATs in the bulk aqueous phase, which has implications for
membrane insertion dynamics. The air–water interface
serves as a valuable model system for the membrane–aque-
ous interface of a cell. We address the questions of aggrega-
tion and molecular organization of the amphiphiles them-
selves, with an eye to correlating the behavior we observe
with what is already known about the transport efficacy of
SATs. To our knowledge, this is the first effort to explore
these issues for a synthetic transporter system.


Results and Discussion


Compounds studied : Eleven different amino acid-containing
amphiphiles were the subject of the present study; their syn-
theses have been previously reported (see Experimental
Section for reference citations). They have the general form
R1


2NCOCH2OCH2CO-(Gly)3-Pro-(Gly)3-OR2 in which R1


and R2 are varied. The residue R1 is the hydrophobic, N-ter-
minal anchor for the heptapeptide-based amphiphiles. These
normal alkyl groups were varied from 6 to 18 in two-carbon
increments. When R1 was varied, R2 was always benzyl. In
the second group of structures, R1 was always octadecyl
(R1=C18H37) and R2 was varied as follows: ethyl, isopropyl,
n-heptyl, n-decyl, and n-octadecyl.


Transport efficacy of 1–11: Since the goal of this study was
to understand how structural variations affected aggregation
behavior and insertion dynamics, it was important to evalu-
ate only compounds that are functional. The graphs of
Figure 1 show chloride release data for compounds 1–11 in
liposomes. Clearly, N- and C-terminal substituents have an
effect on the SATIs ability to transport ions across a mem-
brane. The N-terminal alkyl chains vary in length in com-
pounds 1–6. The chloride transport efficacy of 1–6 follows
the trend 2 > 1 > 3 > 4 = 6 > 5, where SATs with short-
er N-terminal alkyl chains tend to have a higher chloride
transport rate. In compounds 6–11, the C-terminal ester
group is either benzyl or alkyl and their relative transport
activities are as follows: 9 > 10 > 6 = 11 > 7 > 8.


Figure 1. Relative chloride release from liposomes for compounds a) 1–6
and b) 6–11 as determined by ion-selective electrode. [Compound]=
65 mm, liposomes 7:3 DOPC/DOPA mixture, external buffer=600 mm


KCl, 10 mm HEPES, pH 7.0, internal buffer=400 mmK2SO4, 10 mm


HEPES, pH 7.0. [liposomes]=0.31 mm (a, N-terminal variants), 0.20 mm


(b, C-terminal variants).
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Among 6–11, the C-terminal esters of intermediate alkyl
chain length (n-heptyl and n-decyl) have the highest chlo-
ride transport efficacy.


Langmuir trough studies of compounds 1–6 : In the series 1–
6, the N-terminal hydrocarbon chains vary from hexyl to oc-
tadecyl in two-carbon increments. Surface pressure–area (p–
A) isotherm data were obtained by using a Langmuir trough
for 1 (R1=C6H13), 2 (R1=C10H21), 5 (R1=C16H33), and 6
(R1=C18H37). Three patterns of behavior are observed for
these four compounds (see Figure 2). Compound 1 (n-hexyl,


the shortest hydrocarbon) does not show typical monolayer
behavior. Instead, the pressure gradually increased upon
barrier compression and there were neither clear transition
points nor was there evidence of collapse. When the hydro-
phobic chain (R1) was n-decyl (2), the isotherm showed a
single inflection point between the expanded and condensed
phases. Monolayer collapse occurred at 65 J2 for compound
2 after reaching a surface pressure of 42 mNm�1. Similar be-
havior was observed for 5 (R1=C16H33). The isotherm data
for compounds 3 (n-dodecyl) and 4 (n-tetradecyl), were sim-
ilar to those observed for 2 and 5 and are not shown. All
four of these compounds (2–5) reached a surface pressure of
�45 mNm�1 before collapse.


Compound 6 has the longest hydrocarbon chain (n-octa-
decyl) in the series and forms the most stable monolayer.
The isotherm of 6 showed three phase transitions before col-
lapse, whereas no more than one transition was observed for
the other compounds in the series. Compound 6 exists in the
liquid-expanded phase between 161 and 74 J2 and enters
the liquid-condensed phase at 52 J2. Among compounds 1–
6, n-octadecyl derivative 6 reached the highest surface pres-
sure (65 mNm�1) and the smallest molecular area (40 J2)
prior to collapse. The 40 J2 minimum molecular area ob-
served in the p–A isotherm of 6 corresponds to the known
cross-sectional area occupied by the two alkyl chains, in this
case N-terminal octadecyl chains.[15] From the number of
transitions observed in the p–A isotherm of 6, the large sur-
face pressure, and small molecular area at monolayer col-
lapse, we infer that 6 forms a highly organized monolayer.


In the series 1–6, the compounds having the longest N-ter-
minal hydrocarbon chains exhibited the greatest monolayer
stability. This seems reasonable because the hydrocarbon
chains align and longer chains should interact more strongly
than short ones. Hexyl derivative 1 has the shortest hydro-
carbon chains, and fails to form a stable monolayer. The
closely related compounds 2–5 all form monolayers at the
air–water interface, but each is less stable than that formed
by 6.


Determination of particle size in aqueous solution for com-
pounds 1, 3, and 6 : As noted above, 1–11 are all synthetic
anion transporters. These molecules first insert into the lipo-
somal bilayer, dimerize or oligomerize to form a functional
pore, and chloride is subsequently released. These molecules
are amphiphiles as well as ionophores so a possible “pre-ag-
gregation” could occur before insertion into the liposomal
bilayer. If so, the rate of pore formation and thence ion re-
lease would be directly affected.


In order to test for aggregate formation in aqueous solu-
tion, compounds 1 (R=hexyl), 3 (R=dodecyl), or 6 (R=


octadecyl) were first dissolved in 2-propanol. An aliquot of
each solution was added to 2 mL of Milli-Q water (pH
�5.5) for a final concentration of 10 mm in aqueous solution.
The suspensions were sonicated for 1 min. Dynamic light
scattering (DLS) was used to determine the average effec-
tive diameter and the size distribution for the aggregates
formed in each of these suspensions in pure water. Attempts
were made to measure aggregation behavior in aqueous
buffer (NaCl, NaNO3, or KNO3), but the formation of a pre-
cipitate prevented reproducible data collection.


At a starting concentration of 10 mm, a solution of com-
pound 6 (R=octadecyl) formed spherical aggregates (see
below) with an average effective diameter of 196 nm and a
fairly narrow size distribution (Figure 3). These aggregates
are similar in size to the phospholipid vesicles that were
used in the Cl� ion release studies described previously and
above. In contrast, reproducible data could not be obtained
for either 1 (hexyl) or 3 (dodecyl) at 10 mm, presumably be-
cause the aggregates were too small to detect or simply
absent.


Figure 2. Surface pressure-area isotherm data for
(R)2NCOCH2OCH2CO-(Gly)3-Pro-(Gly)3-OCH2Ph. R=C6H13 (1), C10H21


(2), C16H33 (5), C18H37 (6).


Figure 3. Typical size distribution as determined by dynamic light scatter-
ing (DLS) in solution for (C18H37)2NCOCH2OCH2CO-(Gly)3-Pro-(Gly)3-
OCH2Ph (6).
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Since no aggregation of 1 or 3 was observed at 10 mm, the
concentration of compound 1 (R=hexyl) was increased in
10 mm increments from 10 to 100 mm. Even at a 10-fold
higher concentration, reproducible data were not obtained.
The concentration of compound 3 was also increased incre-
mentally as done for 1. When the concentration of 3 reached
60 mm, two populations of aggregates were observed cen-
tered near �30 and �200 nm. The bimodal distribution was
reproducible; in no case was a single population observed.
Similar behavior was observed when the concentration of 3
was 70 mm, but a precipitate formed at higher monomer con-
centrations. Typical data for 3, showing the two populations,
are apparent in the graph of Figure 4.


Comparative behavior of 1–6 : Dynamic light scattering
showed that compounds 1 and 3 failed to aggregate in aque-
ous suspension at 10 mm while 6 reproducibly gave stable ag-
gregates at this concentration. As noted above, studies using
the Langmuir trough (Figure 2) showed that 6 formed a
stable monolayer while 1–5 did not. In previous work, we
found that 6 gave lower transport but higher selectivity than
shorter-chained compounds.[16] We infer from the data ob-
tained here that its octadecyl chains permit it to form a
more stable and well-organized pore within the bilayer al-
though the formation of such a pore may be impeded by
self-aggregation. To the extent that the shorter-chained com-
pounds do not aggregate, they may insert into the bilayer
more rapidly, form pores more rapidly, and present a higher
apparent transport efficacy.


TEM images of amphiphilic aggregates of 3 and 6 : Figure 5
shows transmission electron micrographs of aggregates ob-
tained from compounds 3 and 6. Panel a) of Figure 5 shows
an aggregate of 3 captured on a copper grid. It is approxi-
mately spherical and has a diameter of about 200 nm, as ob-
served in dynamic light scattering experiments. This sample
was prepared by dipping the copper grid into an aqueous
suspension of 3 every 15 minutes during 2 h. We note that
none of the TEM images required stain for visualization.
Presumably, some monomer was also present in suspension


and the formation of a thin membrane surrounding the vesi-
cle and extending onto the grid is apparent in the micro-
graph. It is unknown whether this membrane is present in
the aqueous suspension or is an artifact of the sample prepa-
ration process. Such phenomena are known when certain
polymer samples are visualized by using this technique.[17]


Panel b) of Figure 5 shows aggregates formed from 3, as in
panel (a), but visualized on a carbon film. Aggregate size is
generally similar in the two samples and a membrane of the
type noted in panel a) is also present here.


Panels c) and d) show nearly spherical aggregates of 6, ap-
proximately 200 nm in size, that were visualized by TEM on
a copper grid. The two panels represent two different ex-
periments and confirm the reproducibility of this effort. Fur-
ther, fine structure is apparent in the illustration of panel d)
that is less apparent in c), owing to better focus in the
former.


Dioctadecyl compound 6 forms �200 nm aggregates in
aqueous suspension, as detected by DLS. These aggregates
could be captured in electron micrographic images on
copper grids and these sizes correlated well with the previ-
ous values. When 6 was spread at the air–water interface
(Langmuir trough), a stable monolayer formed that could
be characterized by an area at collapse of �40 J. In con-
trast, didodecyl-chained 3 did not form stable aggregates in
aqueous suspension (at 10 mm, DLS) nor did it form a stable
monolayer in the Langmuir trough. The TEM images show
smaller, less symmetrical aggregates than were formed by 6.
The smaller aggregates of 3 are not shown because they


Figure 4. Typical size distribution as determined by dynamic light scatter-
ing (DLS) in solution for (C12H21)2NCOCH2OCH2CO-(Gly)3-Pro-(Gly)3-
OCH2Ph (3).


Figure 5. Transmission electron micrographs (TEM) of spherical aggre-
gates comprised of monomers of compound 3,
(C12H25)2NCOCH2OCH2CO-(Gly)3-Pro-(Gly)3-OCH2Ph on a a) copper
grid and b) carbon film. TEM of spherical aggregates formed from 6,
(C18H37)2NCOCH2OCH2CO-(Gly)3-Pro-(Gly)3-OCH2Ph on a copper grid
c) and d). c) and d) are similar but d) shows fine structure.


www.chemeurj.org E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 5871 – 58795874


G. W. Gokel et al.



www.chemeurj.org





were unstable in the electron beam. Additionally, aggregates
of 3 could be obtained only at higher monomer concentra-
tions than used for 6.


Surface pressure–area (p–A) isotherm data for compounds
6–11: Synthetic anion transporter (SAT) monomers in the
series 6–11 share the general formula
(C18H37)2NCOCH2OCH2CO-(Gly)3-Pro-(Gly)3-OR2. The C-
terminal ester group is either aromatic (benzyl, 6) or ali-
phatic (7–11). The alkyl groups in 7–11 are as follows: 7,
ethyl; 8, isopropyl; 9, n-heptyl; 10, n-decyl; and 11, n-octa-
decyl. Previous structure–activity relationship studies[14]


showed that chloride transport changed dramatically with
the identity of the C-terminal ester residue (see Figure 2).
The most active esters were n-heptyl (9) and n-decyl (10),
while the n-octadecyl ester was nearly inactive. The depend-
ence of chloride transport on the structure of the C-terminal
ester suggested that this residue serves as a secondary mem-
brane anchor for the SAT molecule.


The Langmuir trough is ideal for the study of these am-
phiphilic elements. Thus, monolayers of compounds 6–11
were individually formed at the air–water interface and p–A
isotherms were collected on a Langmuir trough. The iso-
therm data for 6–11 fall into two categories. Data for the
most active compounds, 9 (n-heptyl) and 10 (n-decyl) are
shown in Figure 7 and isotherms for the less active com-
pounds are shown in Figure 6, below. The combined data
are summarized in Table 1 (see below).


The isotherm data shown in Figure 6 demonstrate that
compounds 6, 7, 8, and 11 form stable monolayers. The iso-
therm for each of these compounds shows two or three
phase transitions and all exhibit high surface pressures
(>50 mNm�1) at monolayer collapse. Isotherms for com-
pounds 6, 7, and 8 share nearly identical transition points
(the surface pressure for 6 is slightly higher). At �170 J2,
monolayers of 6, 7, and 8 enter the liquid-expanded phase.
Between 75–55 J2, monolayers of 6, 7, and 8 are in the
liquid-expanded + liquid-condensed coexistence region.
The high surface pressure of compound 6 (�35 mNm�1) be-
tween 74–52 J2 compared to 7 and 8 likely results from a
high energy of solvation required for the C-terminal benzyl
group in the aqueous subphase. From there, the monolayers
enter the liquid-condensed phase before collapse at a sur-


face pressure of 60 mNm�1. The minimum molecular area
observed for 6, 7, and 8 is about 40 J2 and represents the
area occupied by the N-terminal dioctadecyl chains.[16]


Compound 11 (R2=n-octadecyl) also forms a stable mon-
olayer. Like the other compounds, it exhibits three phase
transitions, two of which are well defined and the third is ap-
parent from Brewster angle microscopy (see below). The
first transition is apparent at 147 J2 at which point 11 enters
the liquid-expanded phase. The horizontal portion of the
isotherm between �115–75 J2 corresponds to the liquid-ex-
panded + liquid-condensed coexistence phase for 11. Com-
pound 11 exists in the liquid-condensed phase between 74–
57 J2 at which point monolayer collapse occurs. This molec-
ular area (57 J2) is larger than observed for 6–8 (40 J2).
The larger area is not surprising since 11 contains three oc-
tadecyl chains, compared to only two in 6–8. These chains
are presumably oriented at the air–water interface perpen-
dicular to the aqueous phase and represent the minimum
contact distance in each system. The �20 J2 difference in
collapse areas between compounds 11 and 6–8 corresponds
to the cross sectional area of this third octadecyl chain.


The areas at which collapse occurs (abscissa) is defined by
the number of octadecyl chains in each molecule. The three
octadecyl chains of 11 make it the most ordered of the mon-
olayers. It is not the most stable monolayer among the four
compounds, however, because the three hydrocarbon chains
align only when the peptideIs conformation is contorted to


Table 1. Summary of transition points in surface pressure-area isotherms
obtained by using a Langmuir trough.


X in
ACHTUNGTRENNUNG(C18H37)2NCOCH2OCH2CO-
GGGPGGG-X


Phase transitions [J2]


1st 2nd 3rd collapse


6 OCH2Ph 161�2 74�1 52�1 40�1
7 OCH2CH3 156�8 70�4 55�3 41�2
8 OCH ACHTUNGTRENNUNG(CH3)2 179�8 76�4 57�2 42�3
9 OC7H15 176�6 n/a n/a 68�4
10 OC10H21 167�4 n/a n/a 70�2
11 OC18H37 147�2 74�1 n/a 57�1


Figure 6. Surface pressure-area (p–A) isotherm data for
(C18H37)2NCOCH2OCH2CO-(Gly)3-Pro-(Gly)3-OR2. R2=benzyl (6),
ethyl (7), isopropyl (8), and n-octadecyl (11).


Figure 7. Surface pressure-area (p–A) isotherm data for
(C18H37)2NCOCH2OCH2CO-(Gly)3-Pro-(Gly)3-OR2. R2= n-heptyl (9),
n-decyl (10) and n-octadecyl (11).
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permit it. A conformational reorganization of the peptide
chain is not required to align the two adjacent (R1) octadec-
yl chains of 6–8, so the monolayer does not experience the
peptideIs conformational strain.


Differences in monolayer stability and organization were
assessed by comparing the surface pressure values (ordi-
nate) for each compound. The surface pressures apparent in
the isotherm of compound 11 are distinct from those ob-
served for 6–8 (Figure 6), which are similar to each other.
The lower pressure experienced by 11 in the plateau region
of the isotherm suggests that the monolayer is highly or-
dered (see the Brewster angle microscopy in Figure 8,
below). However, the surface pressure at collapse
(60 mNm�1) for compounds 6–8 suggests that 6–8 form
more stable monolayers than does compound 11. This situa-
tion is unusual because more ordered monolayers are typi-
cally also more stable. In the present case, monolayers of 6–
8 are more stable while the monolayer of 11 is more or-
dered.


Figure 7 shows the p–A isotherms of compounds 9 and
10, along with that for 11. Compounds 9 and 10 were the
most effective Cl� transporters among the compounds in
this study. The isotherm behavior for 9 and 10 is distinct
from that observed for 6–8 and also from 11, to which the n-
heptyl and n-decyl chains seem more closely related. The
isotherms for 9 and 10 each show a single transition before
collapse occurs. It is clear that neither of these molecules
forms a stable, highly organized monolayer. Compounds 9
and 10 enter the liquid-condensed phase near 170 J2 and
reach a surface pressure of less than 50 mNm�1 before col-
lapse occurs at 70 J2. Monolayers of compounds 9 and 10


collapse at larger molecular areas and at lower surface pres-
sures compared to monolayers of 6–8, and 11. The p–A iso-
therms show that monolayers of SAT compounds 9 and 10
are the least stable of the series 6–11. The data for com-
pounds 6–11 are summarized in Table 1.


Monolayer stability and chloride release : The p–A iso-
therms for compounds 6–11 suggest that 6, 7, 8, and 11 form
the most stable monolayers. The data of Figure 1 show that
the most active transporters in this group are 9 and 10, with
6–8 and 11 being poorer at releasing Cl� from lipid vesicles.
This approximately inverse relationship suggests that mono-
mers that form less stable monolayers form more active
chloride transporting pores within the bilayer.


There are two obvious explanations for this behavior.
One is that the monomers that form more stable aggregates
with each other interact more strongly with individual phos-
pholipid monomers. This, in turn, means that their lateral
diffusion through the membrane is slowed and the chance of
finding a second monomer with which to form a pore is di-
minished. Alternately, the formation of stable aggregates in
suspension could diminish the rate at which monomers
insert into the phospholipid bilayer, reducing the kinetics of
pore formation. Light scattering experiments in Milli-Q
water suggested qualitatively that more stable (better organ-
ized, more reproducible) aggregates were formed from less
active 6 and 11 (see also data below) than 9 (data not
shown) and 3. These observations favor the second of the
two suggestions posed above.


Brewster angle microscopy of compound 11: An attempt
was made to observe the organization of 6–11 by using
Brewster angle microscopy (BAM). Distinct organization
was observed only for 11, which is in the cluster of least
active pore-formers. Surface pressure-area (p–A) isotherm
data showed that compound 11 forms a stable monolayer
that undergoes several phase transitions (see above). We
therefore visualized the organization by using BAM at the
air-aqueous interface on the Langmuir trough. Selected
images of the monolayer are shown in Figure 8.


Compound 11 forms ordered domains in the liquid-ex-
panded+ liquid-condensed coexistence region. These are ap-
parent in panels a)–c). The dark regions of the monolayer
contain the liquid-expanded phase while the bright snow-
flake-shaped domains are the liquid-condensed regions.
Small, bright domains appear at areas of 140 J2. The in-
creased compression is apparent in the increased proximity
of aggregates from a)–d). In panel d), contrast is already di-
minished and the surface is nearly uniform. The uniform sur-
face is featureless and is not shown. The diminished contrast
at 74 J2 (panel d) corresponds to the transition (see Table 1
and Figures 6 and 7) to the liquid-condensed phase for com-
pound 11.


Dynamic light scattering and particle size analysis of 11: As
noted above, none of compounds 1–11 formed stable aggre-
gates in aqueous buffer, at least as judged by dynamic light


Figure 8. Brewster angle micrographs of 11 were captured at a) 114,
b) 89, c) 81, d) 74 J2. Image field of view is 1.0 mmO1.0 mm.
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scattering. As described above, 3 and 6 form aggregates in
Milli-Q water. Dynamic light scattering revealed a bimodal
distribution for 11 (centered at �80 nm and a larger popula-
tion centered at �275 nm, see Figure 9). Compared to 3 or
6, aggregates of 11 were stable for days rather than hours.
Owing to differences in monomer solubility, a variation in
the experimental method was used to form the aggregates
of 11 (see Experimental Section), but this should not affect
aggregate stability.


TEM images of 11: Transmission electron micrographs
(TEM) were obtained for compound 11. Figure 10 shows
TEM images of the �275 nm spherical aggregates of 11.
The aggregates of 11 are not only more stable than those of
3 or 6, but they are larger. The p–A isotherm data show
that the molecular area of 11 at monolayer collapse is 57 J2,
which corresponds to the close association of three alkyl
chains. Figure 10 (panel a) shows a single spherical aggre-
gate resting on the carbon-coated grid. It is nearly symmetri-
cal and has a diameter of 275–285 nm. This agrees well with
the particle size distribution obtained by light scattering in
aqueous solution. Panel b) shows a cluster of similarly sized
aggregates.


Relationship between monolayer formation and aggregation
behavior : Compounds 6 and 11 are identical except for the
C-terminal ester groups. Compound 6 is C-terminated by
benzyl and 11 by n-octadecyl. Isotherms (p–A) of 6 and 11
both show three phase transitions but the collapse pressure
for 6 is greater than for 11 indicating a higher ultimate sta-
bility of the condensed assembly (Figure 6). An important
difference is that the p–A isotherms show that the minimum
area for 6 is determined by the size of two alkyl chains
while the minimum size of 11 corresponds to three alkyl
chains. This means that the three alkyl chains of 11 are com-
pressed and are likely in “cylindrical” contact but that the
benzyl ester of 6 does not associate along its twin octadecyl
chainIs axis. Instead, it seems likely that the benzyl group of
6 is in contact with the aqueous subphase and stabilized by
H-bond interactions with its p system. The longitudinal in-
teraction of the three alkyl chains requires a greater com-


pression of the heptapeptide chain, which makes 11 some-
what less stable overall than 6 (see Figure 11). The collapse
pressures of 65 and 50 mNm�1 for 6 and 11, respectively,
clearly reflect this.


It is interesting to note that although 6 formed a more
stable monolayer than 11, the latter is more organized. This
unusual situation is supported by BAM images, which reveal
that compound 11 forms ordered domains at a large molec-
ular area, reflecting high intermolecular organization. The
inability of the C-terminal octadecyl chain of 11 to be sol-
vated in the aqueous subphase greatly restricts the number
of conformations the heptapeptide sequence can assume.
The C-terminal benzyl moiety in 6 is solvated in the sub-
phase, which allows a wider range of motion of the hepta-
peptide.


Panels c) and d) of Figure 11 show schematically the re-
sults of CPK model building experiments. Based on the


Figure 9. Typical size distribution as determined by dynamic light scatter-
ing for (C18H37)2NCOCH2OCH2CO-(Gly)3-Pro-(Gly)3-OC18H37 (11).


Figure 10. Transmission electron micrographs of aggregates of
(C18H37)2NCOCH2OCH2CO-(Gly)3-Pro-(Gly)3-OC18H37 (11). a) Single or-
dered aggregate and b) cluster of ordered aggregates, bars represent
100 nm.


Figure 11. Proposed mechanism of monolayer formation of a) 6 and b)
11. Approximate lengths for possible conformations of c) 6 and d) 11.
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measurements of CPK models of 6 and 11, we estimate that
a micelle of compound 6 would have a diameter of 12 nm
and a micelle of 11 would have a diameter of 8 nm. Micelle
formation is unlikely because DLS shows that 6 and 11
form larger aggregates than this in solution. These aggre-
gates are stable for at least hours. The high reproducibility
and narrow size distribution in the DLS experiments com-
port with TEM images of 6 and 11 which show that the ag-
gregates are both spherical and symmetrical.


Conclusion


We have examined, using an array of analytical techniques,
the amphiphilic behavior of a family of known synthetic
anion transporters. We have assessed their ability to trans-
port Cl�, their ability to aggregate in an aqueous environ-
ment, and their monolayer stability at the air–water inter-
face. We found that in general, as the N-terminal dialkyl
chain length increased, so did the stability of the monolayer.
The most stable monolayer was produced by 6, which pos-
sesses twin octadecyl chains at the N-terminus. Compound 6
also produced the most stable and symmetrical aggregates
in aqueous solution of the series 1–6.


Substitution at the C-terminal ester position of SATs also
affected monolayer stability, organization at the air–water
interface, and aggregation behavior. Compounds 6 (benzyl)
and 11 (octadecyl), which differ only at the C-terminus were
remarkable because 6 gave a more stable monolayer than 11
but 11 was more organized than 6. Langmuir trough and
BAM studies clearly show this and correlate well with data
obtained by DLS and TEM. Amphiphile monomers that
form stable monolayers at the air–water interface also form
spherical aggregates in solution. We therefore conclude that
a higher level of molecular organization and stability in the
amphiphilic monomers is deleterious to insertion in a phos-
pholipid bilayer and formation of a functioning pore there-
in.


Experimental Section


Compound synthesis


ACHTUNGTRENNUNG(C6H13)2N-COCH2OCH2CO-(Gly)3-Pro-(Gly)3-OCH2Ph (1) was pre-
pared as previously reported.[14]


ACHTUNGTRENNUNG(C10H21)2N-COCH2OCH2CO-(Gly)3-Pro-(Gly)3-OCH2Ph (2) was pre-
pared as previously reported.[18]


ACHTUNGTRENNUNG(C12H25)2N-COCH2OCH2CO-(Gly)3-Pro-(Gly)3-OCH2Ph (3) was pre-
pared as previously reported.[14]


ACHTUNGTRENNUNG(C14H29)2N-COCH2OCH2CO-(Gly)3-Pro-(Gly)3-OCH2Ph (4) was pre-
pared as previously reported.[14]


ACHTUNGTRENNUNG(C16H33)2N-COCH2OCH2CO-(Gly)3-Pro-(Gly)3-OCH2Ph (5) was pre-
pared as previously reported.[14]


ACHTUNGTRENNUNG(C18H37)2N-COCH2OCH2CO-(Gly)3-Pro-(Gly)3-OCH2Ph (6) was pre-
pared as previously reported.[19]


ACHTUNGTRENNUNG(C18H37)2N-COCH2OCH2CO-(Gly)3-Pro-(Gly)3-OCH2CH3 (7) was pre-
pared as previously reported.[14]


ACHTUNGTRENNUNG(C18H37)2N-COCH2OCH2CO-(Gly)3-Pro-(Gly)3-OCH ACHTUNGTRENNUNG(CH3)2 (8) was pre-
pared as previously reported.[14]


ACHTUNGTRENNUNG(C18H37)2N-COCH2OCH2CO-(Gly)3-Pro-(Gly)3-O ACHTUNGTRENNUNG(CH2)6CH3 (9) was pre-
pared as previously reported.[14]


ACHTUNGTRENNUNG(C18H37)2N-COCH2OCH2CO-(Gly)3-Pro-(Gly)3-O ACHTUNGTRENNUNG(CH2)9CH3 (10) was
prepared as previously reported.[14]


ACHTUNGTRENNUNG(C18H37)2N-COCH2OCH2CO-(Gly)3-Pro-(Gly)3-O ACHTUNGTRENNUNG(CH2)17CH3 (11) was
prepared as previously reported.[14]


Monolayer studies : HPLC grade chloroform from Aldrich (St. Louis,
MO) was used to prepare amphiphile solutions with a concentration of
�1 mgmL�1 as determined by mass. Surface pressure-area isotherm ex-
periments were carried out on a Langmuir trough (Nima, UK). Pressure
was measured with a Wilhelmy plate made out of filter paper. Subphase
temperature was maintained at 23.0�0.1 8C by an Isotemp 3016 circulat-
ing thermostat. The subphase contained ultrapure water with a resistivity
of 18.2mW (Millipore). Monolayers were formed by spreading 50 mL of a
CHCl3 solution of compounds 1–11 (1.0 mgmL�1) onto the subphase and
allowing 10 minutes for the solvent to evaporate. Trough barriers were
compressed at a constant speed of <0.3 nm2mlc�1min�1. Data are plot-
ted as surface pressure (mNm�1) vs molecular area (J2). Isotherm data
were collected in triplicate on each of 4 separate days, resulting in a total
of 12 individual trials for each compound to obtain accurate isotherm in-
formation.


Dynamic light scattering : For compounds 1, 3 and 6, approximately 1 mg
was dissolved in 1 mL HPLC grade hot 2-propanol in order to prepare
1 mm stock solutions. Between 20–200 mL was added to 2 mL ultrapure
water (Millipore) in a Fisherbrand borosilicate disposable culture tube
(16O100 mm). The culture tube and solution was sonicated in a Branson
1510 sonicator, at room temperature, for exactly 1 minute. For compound
11, 11.76 mg (8.8 mmol) was dissolved in hot hexanes in a Fisherbrand
borosilicate disposable culture tube (16O100 mm) and sonicated for ex-
actly 2 minutes. To this was added 2 mL ultrapure (Millipore) water and
250 mL methanol. The entire contents of the culture tube were then
transferred to a round bottom flask and the hexanes and methanol were
slowly removed under reduced pressure (500 mbar, 35 8C) over a period
of 5 h.


All aqueous solutions were then carefully transferred via pipette to a BI-
SCP square, polystyrene cuvette, 10 mm in length, 4.5 mL in volume,
from Brookhaven instruments. Dynamic light scattering measurements
were performed on a 90Plus/BI-MAS multi angle particle sizing instru-
ment from Brookhaven instruments. Data were collected at 25 8C�0.03.
The light source was a 15 mW solid state laser. Scattered light from the
samples was collected at 908 from the incident light. Each trial consisted
of 4 runs lasting 3 minutes per run, on thin shells mode, with a dust
cutoff of 200. Each sample was measured 3 times on at least two different
days, and the effective diameters are an average of at least six trials. Par-
ticle size distributions as determined by intensity were also recorded.


Transmission electron microscopy (TEM): TEM was performed on a
JEOL JEM 2000 FX electron microscope operating at 200 kV. A
GATAN CCD camera was used to digitize the images. To prepare the
TEM sample of 6, 1.17 mg (1.0 mmol) was dissolved in 1002 mL of hot
HPLC grade 2-propanol. 20 mL of this solution was added to 2.00 mL of
ultrapure water (Millipore) in a borosilicate culture tube resulting in a
10 mm solution. This solution was then sonicated for exactly 1 minute. To
prepare the TEM sample of 3, 0.58 mg (0.58 mmol) was dissolved in
580 mL of hot HPLC grade 2-propanol. 120 mL of this solution was added
to 2.00 mL of ultrapure water (Millipore) in a borosilicate culture tube
resulting in a 60 mm solution. This solution was then sonicated for exactly
one minute. To prepare the TEM sample of 11, 11.76 mg (8.84 mmol) was
dissolved in 2.00 mL of hot HPLC grade hexanes. This solution was then
sonicated for exactly 2 minutes. Immediately following sonication,
2.00 mL of ultrapure water (Millipore) in a borosilicate culture tube was
added, followed by 250 mL of HPLC grade methanol. This was then
transferred to a 25 mL round bottom flask, and the organic solvents were
evaporated under reduced pressure (500 mbar, 35 8C) for 5 h. The residu-
al aqueous layer was carefully transferred via pipette to another culture
tube.
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For the images collected on carbon grids, a copper grid coated with lacey
carbon on formvar, 300 mesh (Ted Pella Inc.), was dipped into the solu-
tion and the water was allowed to evaporate. Because the solution was
dilute, this process was repeated every 20 minutes for 2 h. After the dip-
ping process was complete and the carbon film was completely dry, the
film was placed on a single tilt sample holder and the images were col-
lected.


For the image collected on a carbon film, an amorphous PELCO support
film of formvar stabilized by carbon, 5–10 nm in thickness (Ted Pella,
Inc.), was dipped once into the 60 mm solution of 3 and allowed to dry.
This film was then placed directly onto a single tilt sample holder and the
image was collected.


Brewster angle microscopy (BAM): BAM images were collected using a
MicroBAM2 (Nanofilm Technology, Gçttingen, Germany) fitted over the
Langmuir trough. The light source is a 659 nm laser diode with 30 mW
maximum optical power. The images were captured by a CCD camera
and stored on a PC. Field of view for raw image is approximately 3.6 mm
wideO4.1 mm high. Images were adjusted using GIMP software to show
a field of view of 1.0 mmO1.0 mm in Figure 8. Barrier compression speed
was 5 J2 molecule�1 min�1.
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Fluorescent, Synthetic Amphiphilic Heptapeptide Anion Transporters:
Evidence for Self-Assembly and Membrane Localization in Liposomes
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Introduction


A range of interesting and effective anion-complexing
agents[1,2] has been reported in recent years.[3–7] Although
there are fewer examples, some of these complexing agents
have been studied as agents that mediate the flux of, for ex-
ample, chloride through bilayer membranes.[8,9] Molecules


have been designed to transport chloride by both carrier or
pore-forming mechanisms.[10–14] The equilibrium complexa-
tion of anions by a receptor molecule can be characterized
dynamically by solution-phase binding constant measure-
ments and statically by X-ray crystallography. The character-
ization of synthetic anion transporters (SATs) that insert
and function in bilayers presents a greater analytical chal-
lenge.
Molecules that bind ions may or may not function as


transporters. They may transport ions by forming complexes
of fixed or variable stoichiometry. Further, if they form
pores or channels, they might not show significant binding
for the ions whose transport they mediate. The extent of ion
transport can be assayed in various ways, including ion re-
lease from liposomes, planar bilayer voltage-clamp studies,
and bioactivity assessment.[15] Thus far, most studies have
monitored transporter-mediated anion entry to or egress
from liposomes. Fluorescent dyes (e.g. pyranine, lucige-
nin)[16,17] or ion-selective electrodes[18,19] can be used to
detect ion flux. The transport mechanism (channel, pore, or
carrier) and ion selectivity can both be assessed by using the


Abstract: Synthetic anion transporters
(SATs) of the general type (n-
C18H37)2N-COCH2OCH2CO-(Gly)3-
Pro-(Gly)3-O-n-C7H15, 1, are amphi-
philic peptides that form anion-con-
ducting pores in bilayer membranes. To
better understand membrane insertion,
assembly and aggregation dynamics,
and membrane penetration, four novel
fluorescent structures were prepared
for use in both aqueous buffer and
phospholipid bilayers. The fluorescent
residues pyrene, indole, dansyl, and
NBD were incorporated into 1 to give
2, 3, 4, and 5, respectively. Assembly of
peptide amphiphiles in buffer was con-
firmed by monitoring changes in the
pyrene monomer/excimer peaks ob-


served for 2. Solvent-dependent fluo-
rescence changes that were observed
for indole (3) and dansyl (4) side-
chained SATs in bilayers showed that
these residues experienced an environ-
ment between e=9 (CH2Cl2) and e=


24 (EtOH) in polarity. Fluorescence
resonance energy transfer (FRET) be-
tween 2 and 3 demonstrated aggrega-
tion of SAT monomers within the bi-
layer. This self-assembly led to pore
formation, which was detected as Cl�


release from the liposomes. The results


of acrylamide quenching of fluorescent
SATs supported membrane insertion.
Studies with NBD-labeled SAT 5
showed that peptide partition into the
bilayer is relatively slow. Dithionite
quenching of NBD-SATs suggests that
the amphiphilic peptides are primarily
in the bilayer=s outer leaflet. Images
obtained by using a fluorescence mi-
croscope revealed membrane localiza-
tion of a fluorescent SAT. Taken to-
gether, this study helps define the in-
sertion, membrane localization, and ag-
gregation behavior of this family of
synthetic anion transporters in liposo-
mal bilayers.
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planar bilayer technique,[20] but it is both more cumbersome
and time consuming than the measurement of ion release
from liposomes. A further complication in monitoring ion
flux is that not all release occurs smoothly or consistently.
Thus, different curve shapes can be observed when continu-
ous release is monitored over time.
When a synthetic anion transporter functions within a


phospholipid bilayer, the process is potentially affected by a
number of variables. One question is how readily and com-
pletely the SAT inserts into the bilayer.[21] A second ques-
tion concerns how efficiently self-assembly of the inserted
monomers occurs, and how effectively the aggregate forms a
functional pore. If a pore forms by self-assembly, deaggrega-
tion can also occur as can transverse relaxation (monomer
translocation, flip–flop).[22] Intervesicular transfer[23] of pore-
forming elements can also affect transport efficacy. Identify-
ing or confirming these processes is a challenge for peptides
that are known to reside in membranes, but even more com-
plicated for synthetic systems that can exhibit a broader
range of behavior.
The SATs[24] that have been developed in our laboratory


typically comprise seven amino acids, but may have either
longer or shorter peptide sequences.[25] Planar bilayer con-
ductance measurements showed ion selectivity of Cl� over
K+ >10-fold for the original compound.[24a] Evidence, such
as Hill plots, suggests that the amphiphilic peptides function
at least as dimers.[26] The preparation of functional pseudo-
dimers is in concert with this inference.[27] The details of
SAT aggregation in the bulk aqueous phase and aggregation
or insertion in the bilayer remain unclear. In an effort to fur-
ther define the behavior of SATs, we have extended studies
with glutamate-containing peptide sequences[28] to fluores-
cent derivatives. Here we report the use of fluorescent trans-
porters and a range of analytical techniques to assess the as-
sembly, partition, and positions within the bilayer of our
synthetic, amphiphilic peptide-based anion transporters.


Results and Discussion


Compounds studied : The twin octadecyl chains in our first
SAT ((C18H37)2N-COCH2OCH2CO-(Gly)3-Pro-(Gly)3-
OCH2Ph)


[24] were intended to mimic the fatty acid chains of
phospholipid membrane monomers. The diglycolyl residue
(-COCH2OCH2CO-) was introduced as a spacer between
the anchor chains and the peptide. The position and polarity
of the atoms in this spacer emulate the distances and the
corresponding polar and nonpolar elements of the diacylgly-
cerol subunit (the midpolar regime) in a typical phospholip-
id monomer. The half amide acid, R2NCOCH2OCH2COOH,
was then connected to the N terminus of the heptapeptide
sequence GGGPGGG. The peptide=s C terminus was esteri-
fied with n-heptyl alcohol. The C-terminal capping was done
to prevent ionization of the carboxyl group and to provide a
secondary membrane anchor for the amphiphilic peptide.[29]


Four compounds (plus a control) that incorporated these
essential features were required for this fluorescence study.


The parent, control structure is (C18H37)2N-CO-
CH2OCH2CO-(Gly)3-Pro-(Gly)3-O ACHTUNGTRENNUNG(CH2)6CH3 (1). Fluores-
cent residues were incorporated at the C terminus (seventh
amino acid position) in two of the structures by replacing
glycine with l-glutamic acid (G7!E7) that had been esteri-
fied by 1-pyrenemethanol to give 2 or by l-tryptophan
(G7!W7) to give 3. In compound 4, lysine replaced the gly-
cine at position 5 (G5!K5, that is, GGGPKGG), and the
terminal amine was dansylated. Similarly, a C-terminal
lysine was attached to nitrobenzodioxazole (NBD)[30] to give
the fluorescent derivative 5.


The preparation of each amphiphilic peptide was accom-
plished by a general scheme that has been previously de-
scribed.[29] In brief, diglycolic anhydride was heated with dio-
ctadecylamine to give (C18H37)2NCOCH2OCH2COOH (182-
ACHTUNGTRENNUNG[DGA]OH). Commercial triglycine benzyl ester was cou-
pled to this acid to give (C18H37)2NCOCH2OCH2CO-Gly-
Gly-Gly-OH after debenzylation. The acid was then coupled
with the appropriate tetrapeptide (e.g. H-Pro-(Gly)3-O-
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ACHTUNGTRENNUNG(CH2)6CH3!1) to produce the desired compound. The
preparations of previously unreported structures are record-
ed in the Experimental Section.
Attempts to directly attach the NBD residue to the lysine


amino group in 182 ACHTUNGTRENNUNG[DGA]GGGPGGK-OC7H15 were unsuc-
cessful. Thus, NBD was coupled with the side-chain amine
of Boc-l-lysine[31] to place NBD on the e-amine. The prod-
uct was directly esterified without purification. Removal of
the tert-butyloxycarbonyl (Boc) group, followed by coupling
with 182ACHTUNGTRENNUNG[DGA]-GGGPGG-OH afforded compound 5.
Scheme 1 shows the sequence used for the successful prepa-
ration of 5.


Chloride release from liposomes mediated by compounds 1–
5 : The ability of 1 and its analogues to selectively[24,28b]


transport Cl� has been demonstrated previously.[32] It was
necessary to demonstrate that in 2–5, the fluorescence
probes that were incorporated into the peptide sequence did
not fundamentally alter the transport behavior. The fact
that transport behavior is similar in the labeled and nonla-
beled peptide amphiphiles strongly suggests, although it
does not prove, that the fluorescent probe is not fundamen-


tally altering behavior. This determination is especially im-
portant for fluorescent labels, which often are rather large
entities that can influence local membrane structure and or-
ganization.
The transport experiments were conducted as follows.


Liposomes (~200 nm in diameter) were prepared from a
mixture of 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) and 1,2-dioleoyl-sn-glycero-3-phosphate (DOPA)
(7:3 (w/w)), as described in the Experimental Section. The
liposomes encapsulated 600 mm KCl in HEPES buffer
(pH 7), and the chloride-free external buffer was 400 mm


K2SO4 in HEPES (pH 7). An Accumet chloride combina-
tion electrode was calibrated by using an aqueous KCl stan-
dard. The electrode was then introduced into the suspension
and the vesicle system was checked for leakage. In each
case, the ionophore under study was then introduced in min-
imal 2-propanol, and the electrode response was recorded.
Experiments were typically conducted for 1800 s, and the
final Cl� concentration was determined by vesicular lysis.
The Cl� release data are shown for 1–5 in Figure 1.


Each of the data lines represents the average of at least
three independent assays. The data reproducibility is accept-
able for all five compounds and is excellent for 1–4. A
slightly greater variation was observed for NBD-derivative 5
although good Cl� release dependence on the concentration
of 5 was observed over the range 22–108 mm. The chloride
release activity data (Figure 1) shows that pyrene derivative
2 is a more effective mediator of Cl� release than the other
four compounds. Compound 1 is more effective at shorter
times, but 1 and 3–5 all release about 40% of the available
Cl� ion within 1800 s. The differences in transport efficacy
are likely due to a combination of placement and identity of
the fluorescent residue. The variation cannot be due only to
the position of the amino acid within the peptide because
the dansyl-terminated lysine is in amino acid position 5,
whereas the other four compounds differ at the C terminus
(position 7). Notwithstanding some differences in the re-
lease curve shape and in transport efficacy, compounds 1–5
all mediate Cl� release.


Scheme 1. Preparation of compound 5. DMAP=4-dimethylaminopyri-
dine; EDCI=1-ethyl-3-(3-dimethylaminopropyl)carbodiimide; HOBt=
1-hydroxy-1H-benzotriazole.


Figure 1. Chloride release from liposomes mediated by 1–5 (0.31 mm


lipids, 65 mm compounds, pH 7).
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Pyrene steady-state fluorescence : Pyrene is an excellent
probe of aggregation because the proximity of the two
arene residues leads to a fluorescent excimer. When pyrene
is uniformly dispersed in a solvent, such as ethanol, excita-
tion (lexc) at 345 nm gives a spectrum that exhibits two
prominent peaks at l~375 and 395 nm. In contrast, when
two pyrenes associate to form an excimer, irradiation leads
to the observation of a broad band that is centered at ap-
proximately 472 nm.
The fluorescence of pyrenyl ester 2 was recorded in aque-


ous HEPES buffer, EtOH, or CH2Cl2 after excitation (lexc)
at 345 nm. Fluorescence peaks (l~375, 395 nm) that indi-
cate the presence only of monomer were observed in
CH2Cl2 and EtOH. In aqueous HEPES buffer, however, the
pyrene excimer peak (l~472 nm) predominated. The peak
shapes and positions observed in organic and aqueous sol-
vents comport with self-assembly or aggregation of 2 in
buffer. No excimer band was detected under comparable
conditions either in organic solvents or in aqueous solution
for 1-pyrenylmethanol alone. Thus, aggregation is fostered
by self-assembly of the peptide amphiphile and not by
pyrene itself. The ability of nonfluorescent 1 to self-assem-
ble was demonstrated by titrating pyrene derivative 2 with
1. In this case, pyrenyl monomer fluorescence increased as
the amount of 1 increased (see the Supplementary Informa-
tion).
The fluorescence spectra of 2 were also obtained in vesic-


ular suspension. No monomer peak was apparent when the
fluorescence spectrum of 2 was obtained in HEPES buffer.
In either DOPC/DOPA (7:3) or DOPC liposome suspen-
sions, however, both monomer and excimer peaks were ob-
served (Figure 2). Peptide 2 aggregates rapidly in aqueous
solution. These dimers or oligomers then contact the lipo-
some surface and partition into the membrane. The observa-
tion of pyrene monomer fluorescence in the bilayer indi-
cates that aggregates that are formed in buffer must dissoci-
ate during or after peptide insertion and subsequent pore
formation. The fluorescence intensity change for pyrene mo-
nomer/excimer is a sensitive index for peptide aggregation
and insertion.


Position of a SAT within the liposomal bilayer assessed by
dansyl and indole fluorescence : The tryptophan indole of 3
and the dansyl group of 4 both exhibit solvent-dependent
fluorescent shifts. The fluorescence spectra of dansyl-con-
taining 4 were recorded in solvents of different polarities
and in liposomal (aqueous) suspension. Figure 3 plots the


position of the longest wavelength peak as a function of
ET.


[33] The solvent polarity parameter ET is determined di-
rectly by spectral measurements in the solution and, there-
fore, correlates better than does the solvent dielectric con-
stant with the fluorescence measurements reported here.[34]


The emission maximum increases as the solvent polarity in-
creases linearly (slope=1.19, r2=0.97).
The fluorescence maximum observed for dansyl-contain-


ing peptide 4 in HEPES buffer was 481 nm (g in
Figure 3). This corresponds to an ET value of ~35 and sug-
gests that the dansyl residue experiences an environment
that is intermediate in polarity between hexane and dioxane.
The dielectric constant (e, which is generally more familiar
than ET) for aqueous buffer is ~80, and for dioxane it is
~2.[35] The striking difference between the polarity expected
for a dansyl group in aqueous solution and the value ob-
served here strongly suggests that 4 self-assembles in buffer.
These results are consistent with those found for pyrenyl
peptide 2, as described above.
The same dansyl-containing peptide 4 was then added to


an aqueous liposomal suspension (DOPC/DOPA, see the
Experimental Section). The fluorescence maximum was ob-
served at l=492 nm (a in Figure 3). Interpolation gave
an ET value of ~44, which is between the ET values for
CH2Cl2 and 2-propanol. If the heptapeptide comprises the
entry portal of a dimeric (or larger) pore assembly and the
dansyl group extends into the membrane from the peptide
chain, the sulfonyl group will be about 9 L deep. The depth
of the midpolar (glyceryl) regime is similar, which suggests
that the naphthalene residue is infiltrating the hydrocarbon/
insulator segment of the membrane.


Figure 2. Fluorescence spectra of 2 (1.84 mm) in liposomes (0.31 mm) sus-
pended in HEPES buffer and in buffer.


Figure 3. Plot of fluorescence emission maxima for 4 ([4]=4.95 mm) in
solvents of differing polarity. g and a correspond, respectively, to 4
in HEPES buffer and to DOPC/DOPA liposomes.
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The relevant Reichardt polarity scale ranges from 63.1 for
H2O to about 33 for xylenes.[34] This scale is appropriate for
the present work, but the correlation with the more familiar
dielectric constant (e) is problematic. Table 1 shows a com-


parison of ET and e values. If one considers the solvent func-
tional groups that interact directly with the solute as being
reflected in ET, the disparity with the bulk solvent dielectric
constant is less troubling. In any event, it is clear that the
dansyl residue of 4 experiences an environment that is sig-
nificantly less polar than water and more polar than xylene,
which is presumably close to the bilayer=s hydrocarbon insu-
lator regime. At the least, we infer that the dansyl side
chain of compound 4 resides within the bilayer rather than
being in contact with water.
Similar measurements were conducted for indole-contain-


ing compound 3 and, as with 4, a straight line was obtained
(slope=0.53, r2=0.91, see the Supporting Information). The
slope is shallower because indole is a less-fluorescent resi-
due than is dansyl. When 3 was added to an aqueous sus-
pension of DOPC/DOPA liposomes, excitation at l=


283 nm resulted in an emission at l=343 nm. This interpo-
lates to a polarity between CH2Cl2 and 1-butanol; the corre-
sponding ET value is about 44. The indole residue of 3 is,
therefore, in the same polarity regime as the dansyl group of
4, that is, it is in a portion of bilayer that has intermediate
polarity.[36]


Fluorescence resonance energy transfer (FRET): The indole
residue in tryptophan-containing peptide 3 absorbs energy
at l=283 nm and fluoresces at l=340 nm. The pyrenyl resi-
due of amphiphile 2 absorbs at 345 nm. If compounds 2 and
3 aggregate to form a pore, fluorescence resonance energy
transfer (FRET) should be observed. If 2 is behaving as a
monomer, a band with two prominent peaks at l=375 and
l=395 nm will be apparent. If two molecules of 2 are close
enough to interact and form an excimer, energy transfer
from 3 will result in a broad band emission centered at l=


472 nm. If 2 and 3 behave independently, no FRET will be
apparent.[37–39] We note that a mixture of 2 and 3 mediates
Cl� release from DOPC/DOPA liposomes (data not shown).
Three experiments were conducted that were essentially


identical except for the solvents in which they were run. The
results are shown in the three panels of Figure 4. The sol-
vents were aqueous HEPES buffer, anhydrous EtOH, and


aqueous liposomal suspension. In each case, the sample was
excited at l=283 nm and the emission spectrum was record-
ed over the wavelength range of 250–600 nm. The traces in
Figure 4 show the results for 2 alone (light gray), 3 alone
(dark gray), and an equimolar mixture of 2 and 3 in black.
The final concentrations of the individual component are
the same.
The top panel of Figure 4 shows that in HEPES buffer,


the fluorescent emission of indolyl amphiphile 3 (dark gray
trace) is observed as a band with a maximum near 340 nm.
Compound 2, alone in HEPES buffer (light gray trace),
shows the characteristic excimer band near 472 nm. The
340 nm band of 3 disappears when an equivalent amount of


Table 1. Comparison of ET and dielectric constants.


Compound e ET


p-xylene 2.27 33.2
CH2Cl2 8.93 41.1
DMF 37.0 43.8
3 or 4[a] – ~44
iPrOH 19.9 48.6
EtOH 24.6 51.9
H2O 78.4 63.1


[a] The ET-defined environment that is experienced by 3 or by 4 in bilay-
er.


Figure 4. Fluorescence resonance energy transfer (FRET) between 2 and
3 in (top) buffer, (middle) EtOH, and (bottom) liposomal suspension.
The concentrations were individual, [2]= [3]=2.47 mm ; mixed, [2+3]=
4.94 mm ; and [lipid]=310 mm.
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2 is added. Thus, energy transfer (FRET) must occur be-
tween the indole of 3 and the pyrene of 2, leaving no residu-
al emission spectrum of 3. The monomer emission (two
peaks, 375–400 nm) for pyrenyl peptide 2 increases in inten-
sity when a mixture of 2 and 3 are present; this suggests that
2·3 is forming. Taken together, these experiments show that
compounds 2 and 3 aggregate (co-assembly) in aqueous
buffer solution.
Compounds 2 and 3 are soluble in EtOH. The middle


panel of Figure 4 shows that the individual spectra of 2 and
3 are essentially additive in this solvent and no FRET is ap-
parent. This is expected because the peptides are soluble in
EtOH and are expected to be distributed throughout the or-
ganic solvent with no driving force for association.
The bottom panel of Figure 4 shows the fluorescence


spectra for a mixture of 2 and 3 in a DOPC/DOPA liposo-
mal suspension. The dark gray trace shows the expected
fluorescence spectrum of indole in 3. When 2 is present in
liposomes (light gray trace), both monomer and excimer
peaks are apparent in the fluorescence spectrum. When
pyrene-containing 2 is mixed in equimolar proportion with
indole-containing 3, the indole fluorescence is lost. The fluo-
rescence emission energy from the indole in 3 is clearly
transferred to pyrene in 2. We note that the fluorescence
spectra for 2 and 2+3 (black trace) are nearly superimposa-
ble.
Although ionophores 2 and 3 are likely partitioned be-


tween the liposomes and the aqueous buffer, the overall
effect is complete quenching of the indole fluorescence. The
extent of insertion of SATs into the phospholipid (liposo-
mal) bilayer was assessed (see details below) by using NBD
peptide 5. By using the partition data obtained for 5, and by
assuming that the partition for 2 and 3 is similar, then the
fraction of peptide in the bilayer is 94% for 2 and 3 and
88% for the mixture of 2 with 3. Therefore, nearly all of the
monomers (2 and 3, or their mixture) reside within the bi-
layer during the FRET experiment. The observation of
energy transfer between the indolyl (e.g. 3) and pyrenyl (e.g.
2) residues confirms insertion and shows that these residues
must be proximate within the bilayer. We infer that the ion-
ophores partition from the buffer into the liposomal bilayer.
Once in the bilayer, the ionophores (in this case 2 and 3) ag-
gregate and self-assemble with concomitant formation of an
active pore. This inference is consistent with previously re-
ported carboxyfluorescein release experiments.[28b,29] Hill
plots in those cases indicated that the pores that are formed
by 1, and its relatives are at least dimeric. We note that chlo-
ride and carboxyfluorescein anions are different and their
transport behavior does not always correlate.[17] The FRET
studies that are presented here provide direct experimental
evidence for SAT assembly in the bilayer membrane. The
observation of FRET between the indole of 3 and the
dansyl of 4 in buffer and in liposomal suspension, but not in
EtOH, confirms this (see the Supporting Information).


Fluorescence-quenching studies : Acrylamide (CH2=CH-
CONH2), is a molecule that is known to function as a fluo-


rescence quencher.[40,41] How effectively acrylamide quench-
es a fluorophore gives information about the distance rela-
tionship between the two. After the synthetic peptides are
added to an aqueous liposomal suspension, they reside in
the aqueous buffer, on the liposomal surface, or within the
liposomal bilayer. Acrylamide was, therefore, added to the
same suspension and the changes in both pyrene (2) and
indole (3) fluorescence were assayed.
In four separate experiments, pyrene-containing 2 and


indole-containing 3 in HEPES buffer or DOPC liposomal
suspension were titrated with aqueous acrylamide solution.
In each case, the fluorescence emission spectra of 2 or 3
([2]=1.87 mm, [3]=4.95 mm) were recorded whereas the
amount of acrylamide was increased. The efficacy of
quenching is determined by several factors. As the concen-
tration of quencher increases, the observed luminescence
decreases. The Stern–Volmer equation (F0/F=1+kSV[Q], kSV


is the quenching constant and [Q] is the quencher concen-
tration) was applied to the quenching data and non-linear
plots were obtained in both buffer and vesicles. From the re-
sults described in the sections above, it was clear that the
peptide amphiphiles aggregate in aqueous buffer and that
the active pore forms by a self-assembly process within the
bilayer. Such aggregation likely causes a fraction of the fluo-
rophore to be inaccessible to quencher. We, therefore, ap-
plied the modified Stern–Volmer analysis[42,43] (shown in
Figure 5), which takes account of the fraction of fluorophore
that is inaccessible to quencher. In this case, all plots were
nicely linear for compounds 2 and 3, either in buffer or lipo-
some suspension.


The plots shown in Figure 5 were analyzed and the
quenching data extracted are summarized in Table 2. The
term fa is the fraction of fluorophore accessible to quencher
and ka is the apparent quenching constant. The fraction of
indole residues (3) that are accessible to acrylamide ap-
proaches unity in buffer and is 0.7 in the DOPC membrane.
The pyrene residue of 2, however, is much less accessible to


Figure 5. Modified Stern–Volmer treatment of the quenching data for 2
and 3. &: 2 in buffer (data fit: c), *: 2 in DOPC (c); &: 3 in buffer
(a), *: 3 in DOPC (a). All linear regressions fit with r2>0.98. [2]=
1.87 mm, [3]=4.95 mm.
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quencher in either medium. Indole is a hydrogen-bond
donor (N�H) and can serve as a headgroup in amphi-
philes.[44] It seems reasonable that the smaller, H-bonding
indole of 2 would be more accessible to quencher than the
larger, more hydrophobic pyrene of 3 in either medium. The
apparent quenching constant, ka, is larger in DOPC lipo-
somes than it is in external buffer for both peptides. A
smaller quenching constant is expected for larger aggregates.
Moreover, acrylamide is a small molecule that can readily
infiltrate the conducting pores and could directly quench
membrane-buried residues.


Partition and insertion of SATs into the bilayer : As noted
above, addition of amphiphilic SATs to an aqueous lipo-
some suspension engenders a complex dynamic. The amphi-
philes can aggregate in the buffer, adhere to the liposomal
bilayer, insert in the bilayer, and diffuse within the bilayer
to form functional pores. We wished to quantify the mem-
brane partition process and, therefore, prepared compound
5 (see above), which contains the fluorescent label 7-nitro-
benz-2-oxo-1,3-diazole (NBD). This label is relatively small
and highly fluorescent, making it ideal for the present study.
It was essential, however, to demonstrate that transport effi-
cacy was not compromised by its presence. The efficacy of 5
in mediating Cl� release was studied and found to be con-
centration dependent in the range 22–108 mm (see the Sup-
porting Information).
The NBD fluorophore is valuable as a membrane probe


because its fluorescence intensity is greater within the bilay-
er than it is in aqueous solution owing to water quenching
in the latter. In control experiments, the fluorescence emis-
sion spectra of 5 (lexc=465 nm) were recorded in various
solvents, but almost no fluorescence emission was observed
in aqueous buffer. The ability of NBD-containing SAT 5 to
partition into the liposomal bilayer was evaluated as follows.
Vesicles that encapsulate potassium chloride were prepared
from a 7:3 mixture of DOPC and DOPA. The liposomes
were suspended in potassium sulfate buffer, 5 (4.95 mm) was
added, and NBD fluorescence was observed at l=535 nm
(lexc=465 nm) during 1000 s. The amount of lipid (as lipo-
somes) added was increased from its initial value of 15.4 to
512 mm, as shown in the graph of Figure 6. This gave an
overall [lipid]/[5] range of ~3–100.
The graph of Figure 6 demonstrates that longer equilibra-


tion times are required at higher [lipid]/[5] ratios. Below a
[lipid]/[5] ratio of 6.90 (the fourth line from the bottom in
Figure 6), 5 reaches a lipid–buffer equilibrium fairly rapidly.
We interpret this to mean that although there is a large


excess of lipid compared to 5, there is still insufficient lipid
to accommodate all of the available 5 within the liposomal
bilayers. As the vesicle concentration increases, more pep-
tide can partition into the bilayer but more time is also re-
quired to reach equilibrium. In fact, when [lipid]/[5] >6.90,
equilibrium was not reached in the arbitrarily set time frame
of the experiment (Figure 6).
The data reported above permitted a semiquantitative as-


sessment of peptide partition between buffer and bilayer.[45]


SAT aggregates in aqueous buffer and this monomer/aggre-
gate equilibrium complicates its partition process. We also
noted above that an equilibrium was not established at
higher lipid concentrations within the 1000 s duration of
Figure 6. We, therefore, chose to compare values at the
900 s time point in the following analysis as a simplified
model to estimate the partition coefficient. First, F�F0 was
graphed as a function of lipid concentration; this gave the
expected hyperbolic curve (analysis shown below in
Figure 7). The variables F and F0 refer to fluorescence inten-
sities in the presence and absence of lipid, respectively. The
value of F0 was 5.20 at 900 s.
The partition constant Kp was obtained from the straight-


line plot (r2=0.99) of 1/ ACHTUNGTRENNUNG(F�F0) versus 1/[L] (Figure 7),


Table 2. Quenching data for compounds 2 and 3.


fa
[a] ka [m


�1][b]


Compound Buffer DOPC Buffer DOPC


2 0.449 0.465 11.3 36.8
3 0.919 0.712 9.9 21.2


[a] Fraction of fluorophore accessible to acrylamide. [b] ka is the apparent
quenching constant.


Figure 6. NBD fluorescence intensity change during chloride release
from DOPC/DOPA (7:3) vesicles (15.4–512 mm). [5]=4.95 mm. NBD was
excited at l=465 nm and emission was recorded at l=535 nm.


Figure 7. Treatment of partition data for 5. 1/ ACHTUNGTRENNUNG(F�F0) was plotted against
1/[L] and a straight line was obtained, logKp=6.11.
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logKp=6.11. In the analytical approach used here, 900 s is
not an equilibrium point at higher [L]/[5] values. Thus, the
actual value of Kp should be larger than is apparent. In a
typical Cl� release experiment conducted in our laboratory,
the [lipid]/ ACHTUNGTRENNUNG[compound] ratio is 4.77 ([L]=310 mm, [com-
pound]=65 mm). By applying the above-determined values,
we can estimate that at least 35% of the available SAT in-
serts into the liposomal bilayer. Thus, the Cl� release experi-
ments typically reflect the activity of only about a third of
the available ionophores.


Quenching of NBD fluorescence : The ionophoric peptides
described here are added to the aqueous suspension and,
therefore, contact the outer leaflet of the bilayer first. Cu-
mulative evidence suggests that they insert into the bilayer
and form a transmembrane pore. The question addressed
here is whether these peptides remain in the outer leaflet or
translocate and populate both leaflets of the bilayer. Such a
flip–flop process can be monitored by using an NBD/di-
thionite quenching assay. Sodium dithionite (Na2S2O4) re-
duces the NBD nitro group and thus quenches its fluores-
cence. The phospholipid bilayer is impermeable to Na2S2O4


so only the NBD-labeled peptide present in the outer leaflet
is quenched.
Titration experiments similar to those above were con-


ducted except that the Na2S2O4 solution in Tris buffer was
added after about 10 min. Typical results are shown in
Figure 8 and the results of control experiments (no quench-
er) are included for comparison. After dithionite addition,
NBD fluorescence intensity decreased dramatically followed
by very slow decay. One concern is that S2O4


2� could mi-
grate through chloride-transporting pores formed by peptide
dimerization. However, compared to 2 mL of 400 mm K2SO4


buffer, 25 mL of 600 mm Na2S2O4 is a negligible quantity.
Moreover, sulfate is not transported well across the bilayer
as previously demonstrated.[24b] We conclude from these di-
thionite quenching experiments that the ionophoric peptide
is located predominantly in the bilayer=s outer leaflet and
that flip–flop of the membrane bound peptide is slow.


By using the NBD fluorescence data that are described
above, the partition coefficient Kp was found to be 1.29O
106. The parameter Keff


d is the effective dissociation constant
that represents the concentration of exposed lipids at which
the peptide is 50% partitioned into the bilayer. This value
was found to be ~43.0 mm. A high affinity value would be
Keff


d <1–2 mm, so we characterize the SATs as having modest
membrane affinity. In chloride release (ISE) measurements
([L]=310 mm, [compound]=65 mm), the fraction of SAT that
inserted into the bilayer was at least 35%. Unfortunately,
SAT partition and pore activation are indistinguishable from
each other because insertion is a slow process (see Figure 6).
Therefore, the fractional chloride release data described
here and in previous studies does not reflect the net anion-
transporting ability of these molecules. The transport effica-
cy is actually higher; the release of ions is diminished by in-
sertion dynamics.
Figure 1 shows that although Cl� release mediated by 2 is


better than for 3, the latter is nearly identical to 5 in trans-
port efficacy. There are admittedly differences in size, shape,
and polarity among 2, 3, and 5 but they are more similar
than different and all three compounds transport Cl� with
reasonable efficacy. We thus assume here that the fraction
of each compound that inserts into the bilayer is similar.
Absent data to the contrary, this seems to be a reasonable
supposition. Based on this assumption, we calculate the frac-
tion of 2 or 3 that inserts in the DOPC/DOPA liposomal bi-
layer to be at least 35% during the Cl� release experiments.
The latter experiments are run at a higher SAT concentra-
tion than the fluorescence experiments, owing to a lower
sensitivity of the chloride-selective electrode compared to
fluorescence.


Fluorescence microscopy: Optical fluorescence microscopy
was used to visualize the location of NBD-SAT 5 in giant
unilamellar vesicles (GUVs).[46] Because large vesicles were
required for optical visualization, the (GUV) vesicles used
in this study were prepared[47] from DOPC rather than from
a DOPC/DOPA mixture. The NBD-containing SAT com-
pound (5) was incubated with an aqueous suspension of
GUVs and both transmitted light and fluorescence images
were recorded. Figure 9 shows the images of vesicles in
grayscale. The bright spots in the GUV boundary layer
clearly indicate the localization of SAT into membrane.


Figure 8. Quenching of NBD fluorescence by Na2S2O4 (600 mm in 1m Tris
buffer, pH~10). [5]=4.95 mm. NBD was excited at 465 nm and emission
was recorded at 535 nm. Two trials were conducted with [L]=3.42 and
342 mm.


Figure 9. Fluorescence microscopy images of GUVs incubated with 5 are
shown in grayscale (two vesicles shown, left and right, respectively).
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Conclusion


Synthetic peptides with the general formula (C18H37)2N-CO-
CH2OCH2CO-(Gly)3-Pro-(Xxx)3-OR mediate chloride re-
lease from liposomes. Replacement of a glycine by trypto-
phan, the pyrenylmethyl ester of glutamic acid, dansyl, or by
NBD-terminated lysine affords peptides that are compara-
ble in transport efficacy to the parent compound. The fluo-
rescence studies presented here provide direct experimental
evidence for the assembly properties of this family of pep-
tide-based synthetic anion transporters in liposomal bilayers.
Taken together, we infer the following about SAT aggre-


gation and function in a phospholipid bilayer membrane.
First, the dansyl residue of lysine in 4 resides in a regime of
the bilayer that is of intermediate polarity. This means that
it is neither embedded in the hydrocarbon-like insulator
regime nor is it in contact with water. This is also the case
for indolyl derivative 3. These results support our previous
surmise that the peptide served as a headgroup positioned
near the top of the upper bilayer leaflet. Second, pyrene
monomer/excimer fluorescence is a sensitive index for pep-
tide insertion into the bilayer. Only the excimer peak was
apparent for 2 in buffer whereas both monomer and excimer
were observed in lipid suspension. Thus, dissociation must
occur for an active pore to form. It is currently unclear
whether an aggregated species inserts in the bilayer and re-
arranges to form the pore or if monomers insert and the ag-
gregates subsequently form a pore within the bilayer.
Indeed, both may occur. Third, when both indole and
pyrene are present in different amphiphilic peptides, FRET
is observed; this indicates that the two different monomers
can assemble into an active pore. Fourth, fluorescence
quenching by acrylamide in both aqueous buffer and liposo-
mal suspension confirmed that the fluorophore experienced
different environments in these media.
The NBD fluorescence studies reveal two important


points. First, the insertion of SAT into the bilayer is slow.
This means that the pore formers are more effective at ion
release than is apparent from the release data. Second,
quenching of NBD fluorescence indicates that the SAT re-
sides (remains) in the outer leaflet of membrane; no translo-
cation is apparent.
The data obtained in the present study provide critical in-


formation about this family of synthetic, anion-transporting
ionophores. These studies confirm the self-assembly of pep-
tide monomers within bilayers. We have shown that at
higher concentrations, only a fraction of the available am-
phiphiles insert in the bilayer and the peptide headgroup re-
sides in the portion of bilayer that has an intermediate po-
larity. There is no evidence from the present study that
transverse relaxation (flip–flop) of the SAT monomers
occurs. This confirms the previous structural assumption
concerning pore formation, namely that the lower leaflet
headgroups reorient to provide part of the conduction path-
way.[48,49] Overall, the results reported here supply a mecha-
nistic model for this family of synthetic anion transporters.


Experimental Section


Vesicle preparation and chloride release experiment : Chloride release
was assayed directly on ~200 nm phospholipid vesicles prepared from 7:3
1,2-dioleyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleyl-sn-glyc-
ero-3-phosphate monosodium salt (DOPA, both from Avanti Polar
Lipids) by using a chloride-selective electrode (Accumet Chloride Com-
bination Electrode). Vesicles were prepared in the presence of an inter-
nal, chloride-containing buffer (600 mm KCl, 10 mm HEPES, adjusted to
pH 7). After extrusion and exchange of external solution with a chloride-
free buffer (400 mm K2SO4, 10 mm HEPES, pH 7), vesicles were suspend-
ed in the same external buffer (final phospholipid concentration about
0.31 mm). The electrode was introduced into the solution and allowed to
equilibrate. The voltage output was recorded, and after 5 min, aliquots of
the solution of compound at study (9 mm in iPrOH) were added. Com-
plete lysis of the vesicles was induced by the addition of a 2% aqueous
solution of Triton X-100 (100 mL) and the collected data were normalized
to this value. The data were collected by Axoscope 9.0 by using a Digi-
Data 1322 A series interface.


Fluorescence spectroscopy : Fluorescence was measured by using a
Perkin–Elmer LS50B fluorimeter to evaluate continuously stirred sam-
ples. A stock solution of 0.50 mm fluorescent channel in iPrOH was pre-
pared. Compound was added, and the solution was stirred for about 60 s
before the spectra were recorded. Except where indicated in the text or
figure captions, the emission spectrum was measured in external buffer
(2 mL, 400 mmK2SO4, 10 mm HEPES, pH 7.0). For solvent-dependence
experiments, freshly distilled solvent (2 mL) instead of buffer was used
and the concentration was adjusted for the instrument capacity. For the
measurement in the vesicles, compound was added to the liposome sus-
pension (as prepared above) in external buffer (2 mL) and the overall
lipid concentration was 0.31 mm (same as for the chloride release experi-
ment). For FRET experiments, the excitation wavelength was 283 nm and
the emission spectrum was recorded between 250–600 nm (2.5 nm slit
width, 400 nmmin�1 scan speed, average three scans). The compound so-
lution was mixed together before the addition to the cuvette. In the
quenching experiments, 8m aq acrylamide was added in small aliquots so
that the fluorophore concentration was not dramatically affected.


NBD-peptide partition and quenching : DOPC/DOPA (7:3) vesicles were
prepared as described above. Vesicle-titration experiments were conduct-
ed in 400 mm K2SO4, 10 mm HEPES (pH 7) buffer. The total volume of
buffer and liposome suspension was 2 mL, which was initially placed in
cuvette and stirred. Compound 5 was added (20 mL of a 0.5 mm iPrOH
solution) to the cuvette through the injection port of fluorimeter. The
final concentration of peptide was 4.95 mm. The excitation wavelength
was 465 nm and the emission wavelength was 535 nm (2.5 nm slit width,
1 s data interval). The recording lasted at least 20 min. For quenching
measurements, a 600 mm Na2S2O4 in 1m Tris buffer solution (25 mL, pH~
10) was added to the cuvette about 10 min after the peptide injection and
the recording was continued for at least 10 min. Control experiments
without quencher were also conducted.


Fluorescence microscope : GUV was prepared from DOPC as report-
ed.[47] The size of GUV was found to be between 5–25 mm as measured
by transmitted light imaging. Compound 5 (0.5 mm in 2-propanol) was
added to GUV, incubated for 1 h (final 5 concentration around 25 mm)
and fluorescence imaging was taken by using Leica DM5000 B optical
microscope.
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Introduction


Multidentate ligands with dual functionality have attracted
considerable interest in the last decades. The modification
of “classical” chelating ligands by implementing additional


coordination sites furnished novel flexible, ambidentate
ligand systems. By analogy to Janus, the Roman mythologi-
cal god of gates and doors, who is commonly depicted with
two faces placed back to back, the term Janus-head ligands
was coined years ago for such ambidentate ligand systems.[1]


Abstract: Reactions of HC ACHTUNGTRENNUNG(Me2pz)3


with Grignard reagents, dialkyl magne-
sium compounds and dimethylzinc are
reported, together with a DFT study
on some of the aspects of this chemis-
try. Reactions of HC ACHTUNGTRENNUNG(Me2pz)3 with
MeMgX (X=Cl or Br) gave the half-
sandwich zwitterionic compounds
[Mg ACHTUNGTRENNUNG(MeTpmd)X] (X=Cl (2) or Br (3);
MeTpmd�= [CACHTUNGTRENNUNG(Me2pz)3]


�). Addition of
HCl to 2 gave the structurally charac-
terised half-sandwich compound
[Mg{HC ACHTUNGTRENNUNG(Me2pz)3}Cl2ACHTUNGTRENNUNG(thf)] (4). The
zwitterionic sandwich compound
[Mg ACHTUNGTRENNUNG(MeTpmd)2] (5) formed in low
yields in the reaction of MeMgX
with HC ACHTUNGTRENNUNG(Me2pz)3 but was readily
prepared from HC ACHTUNGTRENNUNG(Me2pz)3 and either
MgnBu2 or MgPh2. The structurally
characterised compound 5 contains two
“naked” sp3-hybridised carbanions fully
separated from the dicationic metal


centre. Only by using MgPh2 as starting
material could the half-sandwich com-
pound [Mg ACHTUNGTRENNUNG(MeTpmd)Ph ACHTUNGTRENNUNG(thf)] (6) be iso-
lated. The zwitterionic sandwich com-
pound 5 reacted with HOTf (OTf�=


[O3SCF3]
�) to form the dication


[Mg{HC ACHTUNGTRENNUNG(Me2pz)3}2]
2+ (72+), which was


structurally characterised. Pulsed field
gradient spin-echo (PGSE) diffusion
NMR spectroscopy revealed both com-
pounds to be intact in solution. In con-
trast to the magnesium counterparts,
HC ACHTUNGTRENNUNG(Me2pz)3 reacted only slowly with
ZnMe2 (and not at all with ZnPh2) to
form the half-sandwich zwitterion
[ZnACHTUNGTRENNUNG(MeTpmd)Me] (8), which contains a
cationic methylzinc moiety separated


from a single sp3-hybridised carbanion.
Density functional calculations on the
zwitterions [M ACHTUNGTRENNUNG(MeTpmd)Me] and
[M ACHTUNGTRENNUNG(MeTpmd)2] (M=Mg, Zn) revealed
that the HOMO in each case is a
MeTpmd-based carbanion lone pair.
The k1C isomers of [M ACHTUNGTRENNUNG(MeTpmd)Me]
were calculated to be considerably less
stable than their k3N-bound counter-
parts, with the largest gain in energy
for Mg due to the greater ease of elec-
tron transfer from metal to the MeTpmd
apical carbon atom on formation of the
zwitterion. Moreover, the computed
M�C bond dissociation enthalpies of
the k1C isomers of [M ACHTUNGTRENNUNG(MeTpmd)Me]
are considerably higher than expected
by simple extrapolation from the corre-
sponding computed H�C bond dissoci-
ation enthalpy.
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Particular interest in this class of ligands arises from the pos-
sibility of forming heterobimetallic complexes of general
formula [M ACHTUNGTRENNUNG(m-ligand)M’] with both metal atoms arranged in
close spatial proximity in order to elucidate communication
pathways between the metal centres, for instance. Schematic
drawings and selected examples are shown in Scheme 1.


Apart from interesting systems featuring two pendant
arms (indicated by * in the schematic drawing in Scheme 1)
and a second coordination site (*),[2] several tripodal mo-
lecular “claw” ligands[3] consisting of a k3-coordinating six-
electron-donor pocket (*) alongside a two electron donor in
the ligand backbone (*) can be found in the literature. Typ-
ical highly symmetric neutral ligands are, for instance, the
well-known tris(imidazoyl)phosphines and their deriva-
tives,[4] tris(hydrazonyl)phosphines,[5] as well as tris(pyrazol-
yl)-[6] and trisACHTUNGTRENNUNG(pyridyl)amines and -phosphines.[7–10] Anionic
systems such as [E(OR)3]


� (with E=Ge, Sn, Pb) and their
metal complexes were developed some years ago by Veith
et al.[11] Tris(phosphanyl)methanides are known from the
work of Karsch and co-workers,[12] and only recently the tris-
ACHTUNGTRENNUNG(amido)phosphine ligand was employed by Johnson et al.[13]


However, anionic systems featuring a more rigid ligand


framework, that is, incorporating heterocyclic rings (and
hence preorganised coordination sites) are comparatively
rare. Among these the tris(pyrazolyl)germanides and -stan-
nides of Stalke and Steiner,[14] the triorganotin derivative of
Veith et al.[15] and the analogous tris(2-pyridyl)plumbate of
Wright et al.[16] merit attention.


Recently, we reported on the synthesis, structures and/or
computational studies of titanium(IV),[17] lithium,[18] cop-
per(I), silver(I) and gold(I)[19] complexes of the tris(pyrazo-
lyl)methanide ligand [C ACHTUNGTRENNUNG(Me2pz)3]


� (MeTpmd�),[20] which con-
tains a potential two-electron-donor carbanion centre[21] in
the apical position. Indeed, one interest[22] in this class of
anionic ligands arises from this potentially reactive carban-
ion. Therefore, whereas “classical” tripodal ligands like the
tris(pyrazolyl)hydroborates ([HB ACHTUNGTRENNUNG(R2pz)3]


� , TpR)[23] or their
neutral analogues the tris(pyrazolyl)methanes (HC ACHTUNGTRENNUNG(R2pz)3,
RTpm),[24] have only pyrazolyl-based nitrogen lone pairs, am-
bidentate C�/N ligands like RTpmd may alternatively (or si-
multaneously) act as C-donor Lewis bases due to the carban-
ionic centre. This coordination mode was first observed by
Stone et al. in the early 1990s for the AuI complex
[AuACHTUNGTRENNUNG(HTpmd)C6F5]


� .[25] In contrast, the lithium compound


Scheme 1. Schematic drawings and selected examples of Janus-head ligands.
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[Li ACHTUNGTRENNUNG(MeTpmd) ACHTUNGTRENNUNG(thf)] (1) and the titanium complexes
[Ti ACHTUNGTRENNUNG(MeTpmd)(NR)Cl(L)] (L= thf, py) are well-defined four-
or six-coordinate monomeric zwitterions featuring k3N-coor-
dinated MeTpmd ligands with “naked”, formally sp3-hybri-
dised apical carbanions. Interestingly, among the aforemen-
tioned Group 11 metal complexes [M ACHTUNGTRENNUNG(MeTpmd)PR3] (M=


Cu, Ag, Au; R=Ph, OMe),[19] the CuI and AgI complexes
have a tetrahedral geometry in which the MeTpmd ligands
act as face-capping, k3N donors, whereas the AuI congener
is coordinated only by the apical carbanion of MeTpmd,
which results in a linear two-coordinate complex with a co-
valent Au�C bond. This different behaviour between AuI


and the other metals is seemingly in accord with the HSAB
(hard/soft acids/bases) principle, which predicts that small,
non-polarisable metal centres are expected to be coordinat-
ed by the “hard” N donors and softer metal centres by the
carbanionic centre. It is also consistent with the well-known
preference of AuI for linear coordination.[26]


Here we extend our studies of the chemistry of the
MeTpmd ligand to the first sandwich and half-sandwich de-
rivatives[27] of two representative divalent metals, namely,
Mg and Zn, differing in size and electronegativity. In addi-
tion to a comparison of the bonding in the half-sandwich
systems [M ACHTUNGTRENNUNG(MeTpmd)Me] we describe DFT studies on ther-
modynamic aspects of C�H bond metathesis reactions of
HC ACHTUNGTRENNUNG(Me2pz)3 with two series of model metal alkyls
[M(R)Me] (M=Mg or Zn; R=alkyl or Ph) to compare
with recent results for the transition metals and certain zinc
dialkyls.[28,29, 58b,66]


Results


Experimental results


In preliminary studies, reactions with unsubstituted tris(pyr-
azolyl)methane HC(pz)3 led to poorly soluble and highly
sensitive materials. In all of the subsequent studies we there-
fore focused exclusively on the hexamethyl-substituted com-
pound HC ACHTUNGTRENNUNG(Me2pz)3.


Reactions of HC ACHTUNGTRENNUNG(Me2pz)3 with Grignard reagents : In the re-
action of HC ACHTUNGTRENNUNG(Me2pz)3 with Grignard reagents such as
MeMgCl two principle reaction patterns may be anticipated
[Eqs. (1) and (2)]. Equation (1) represents a simple deproto-
nation reaction to form a MeTpmd halide complex of magne-
sium [Mg ACHTUNGTRENNUNG(MeTpmd)X]n. In principle, the Schlenk equilibrium
shown in Equation (2) could then be subsequently shifted to
the right due to strong coordination of the anionic Tpmd
ligand and thermodynamic (lattice energy) driving force for
forming the MgX2 side product.


HCðMe2pzÞ3 þMeMgX! CH4 þ ½MgðMeTpmdÞX�n ð1Þ


2 ½MgðMeTpmdÞX� Ð ½MgðMeTpmdÞ2� þMgX2 ð2Þ


Reaction of HC ACHTUNGTRENNUNG(Me2pz)3 with one equivalent of ethereal


solutions of MeMgX (with X=Br, Cl) in benzene formed
highly insoluble colourless solids, which were isolated and
characterised. Their elemental analyses were consistent with
the composition “[Mg ACHTUNGTRENNUNG(MeTpmd)X]” [Scheme 2, X=Cl (2) or


Br (3)]. The IR spectra (Nujol) showed the characteristic
stretching frequencies of the pyrazolyl rings at 1551 (2) and
1555 cm�1 (3). Unfortunately, we were not able to obtain
NMR data or single crystals of these highly insoluble mate-
rials. The analytical data alone do not rule out the possibility
that 2 and 3 may be aggregated redistribution products of
general composition “[Mg ACHTUNGTRENNUNG(MeTpmd)2]ACHTUNGTRENNUNG[MgX2]”, formed ac-
cording to the Schlenk equilibrium [Eq. (2)]. However, the
EI mass spectra showed no peaks above about m/z 321
(20%), which corresponds to the expected value and isotope
distribution for [Mg ACHTUNGTRENNUNG(MeTpmd)]+ , that is, [M�X]+ . The inde-
pendently synthesised sandwich compound [Mg ACHTUNGTRENNUNG(MeTpmd)2]
readily forms a molecular ion envelope centred at m/z 618
(see below). The absence of such a peak in the mass spectra
of 2 and 3 suggests that these compounds do not contain
[Mg ACHTUNGTRENNUNG(MeTpmd)2] moieties. However, although it is reasonable
to conclude that 2 and 3 are indeed half-sandwich species of
the type “[Mg ACHTUNGTRENNUNG(MeTpmd)X]”, they most likely exist as halo-
gen-bridged dimers[30] or oligomers in the solid-state with
magnesium coordination numbers of five or six (as found in
the protonation product [Mg{HC ACHTUNGTRENNUNG(Me2pz)3}Cl2ACHTUNGTRENNUNG(thf)] (4); vide
infra).


We have shown previously that the apical carbanion of a
metal-bound MeTpmd ligand may be readily protonated to
form the corresponding tris(pyrazolyl)methane complex.[17a]


No tris(pyrazolyl)methane complexes of magnesium have
yet been prepared, and we speculated that protonation of
the apical carbanion in 2 with a suitable Brønsted acid
would provide a suitable entry point. On reaction of a sus-
pension of 2 in THF with ethereal HCl the appearance of
the suspension immediately changed and we were able to
isolate the poorly soluble tris(3,5-dimethylpyrazolyl)me-
thane complex [Mg{HC ACHTUNGTRENNUNG(Me2pz)3}Cl2ACHTUNGTRENNUNG(thf)] (4) in 29% yield
after standard work-up procedures (Scheme 3).


The molecular structure of 4 is shown in Figure 1 (space
group P21/c).


[31] Compound 4, which contains a CH group in
the apical position of the ligand instead of the carbanion in
2, is the first reported tris(pyrazolyl)methane complex of
magnesium, and the first half-sandwich tris(pyrazolyl)me-
thane complex of any Group 2 metal.[24] The Mg atom is oc-


Scheme 2. Synthesis of [Mg ACHTUNGTRENNUNG(MeTpmd)X] [X=Cl (2) or Br (3)].
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tahedrally coordinated by three pyrazolyl nitrogen donor
atoms, two chloride ligands, and one THF donor molecule.
The coordination sphere around Mg is strongly distorted.
While comparatively narrow N-Mg-N angles (78.78(6)–
83.06(6)8) are observed, the remaining ligands (Cl and
THF) adopt angles of 97.21(3) (Cl1-Mg1-Cl2), 91.73(5)
(Cl1-Mg1-O1), and 97.25(5)8 (Cl2-Mg1-O1) between each


other. The average Mg�N distance of 227.1 pm[32] is slightly
longer than those found for other magnesium N-donor
ligand complexes.[33] The Mg�Cl distances of 241.59(8) and
241.47(8) pm are comparable with those found in the litera-
ture.[34]


Although the insoluble compounds [Mg ACHTUNGTRENNUNG(MeTpmd)X] [X=


Cl (2) or Br (3)] are the major products of the reaction of
HC ACHTUNGTRENNUNG(Me2pz)3 with MeMgX, 1H NMR monitoring of the reac-
tions in C6D6 showed the characteristic signals for Me2pz
groups, the chemical shifts of which were identical regard-
less of the nature of X in the Grignard reagent. No apical
CH proton was observed in either case. Although these ob-
servations are in principle consistent with the presence of
solubilised traces of [Mg ACHTUNGTRENNUNG(MeTpmd)X] (2 or 3), on the basis
of further studies described below we found they correspond
to the formation of a zwitterionic sandwich complex
[Mg ACHTUNGTRENNUNG(MeTpmd)2] (5). Compound 5 is presumably formed
through a Schlenk equilibrium, either according to Equa-
tion (2) above, or between solvated MeMgX and MgCl2 and
MgMe2 followed by subsequent reaction of the latter with
HC ACHTUNGTRENNUNG(Me2pz)3 (vide infra).


The sandwich complex [Mg ACHTUNGTRENNUNG(MeTpmd)2] (5) was obtained
on a preparative scale by addition of dioxane to the ben-
zene-soluble portion obtained from a synthesis of
[Mg ACHTUNGTRENNUNG(MeTpmd)Cl]. This yielded a colourless precipitate of
[MgCl2·dioxane]1, and 5 was isolated from the organic
phases in 18% yield. The 1H and 13C NMR and mass spec-
trometric (correct [M]+) data and elemental analysis (no
chlorine was detected) strongly supported the formation of
5. The considerably higher solubility of 5 in hydrocarbon
solvents compared to the monohalide species 2 and 3 is con-
sistent with its formulation as a monomeric sandwich com-
pound, confirmed by X-ray crystallography (vide infra).


Reactions of HC ACHTUNGTRENNUNG(Me2pz)3 with dialkyl magnesium reagents :
In view of the low yield when prepared from Grignard re-
agents RMgX, we decided to prepare 5 in a more conven-
ient way (Scheme 4). Thus, reaction of two equivalents of
HC ACHTUNGTRENNUNG(Me2pz)3 with one equivalent of a heptane solution of
MgnBu2 in diethyl ether directly afforded 5 as a crystalline
material in good yield (ca. 75% isolated product). The same
results are obtained by using an ethereal solution of MgPh2


Scheme 3. Synthesis of [Mg{HC ACHTUNGTRENNUNG(Me2pz)3}Cl2 ACHTUNGTRENNUNG(thf)] (4).


Figure 1. Molecular structure of [Mg{HC ACHTUNGTRENNUNG(Me2pz)3}Cl2ACHTUNGTRENNUNG(thf)] (4). Displace-
ment ellipsoids are drawn at the 30% probability level. Selected bond
lengths [pm] and angles [8]: Mg1�N1 226.4(2), Mg1�N3 232.5(2), Mg1�
N5 222.5(2), Mg1�Cl1 241.47(8), Mg1�Cl2 241.59(8), Mg1�O1 210.0(2),
Mg1···C16 327.3, C16�N2 143.9(2), C16�N4 144.6(2), C16�N6 144.6(3);
N2-C16-N4 111.9(2), N2-C16-N6 111.7(2), N4-C16-N6 111.0(2).


Scheme 4. Synthesis of [Mg ACHTUNGTRENNUNG(MeTpmd)2] (5) and [Mg ACHTUNGTRENNUNG(MeTpmd)PhACHTUNGTRENNUNG(thf)] (6).
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(stoichiometry 2:1). Attempts to form half-sandwich com-
pounds of the type [Mg ACHTUNGTRENNUNG(MeTpmd)R] (R=nBu or Ph) by
using a stoichiometric ratio of 1:1 (HC ACHTUNGTRENNUNG(Me2pz)3:MgR2) only
succeeded with MgPh2 as starting material. However, even
if the reaction is carried out at low temperature and an
excess of MgPh2 is used, the half-sandwich compound
[Mg ACHTUNGTRENNUNG(MeTpmd)Ph ACHTUNGTRENNUNG(thf)] (6) only forms in low yields, and con-
siderable amounts of 5 must be separated by fractional crys-
tallisation.[35] Even though the crystallisation procedure was
repeated several times, the isolated portions of 6 all con-
tained impurities of MgPh2. The latter had to be used in
excess in order to suppress formation of sandwich complex
5. As already mentioned, considerable amounts of 5 are
formed if the stoichiometric ratio of 1:1 is used. From this
behaviour it must be concluded that half-sandwich complex
6 is quite reactive and barely isolable prior to subsequent re-
action with a second equivalent of HC ACHTUNGTRENNUNG(Me2pz)3. Although
the impurities prevented full characterisation of 6 (vide
infra) it is clearly an important intermediate formed en
route to 5. As shown below, a half-sandwich zwitterionic
compound of zinc is readily available and does not form
zwitterionic sandwich compounds [Zn ACHTUNGTRENNUNG(MeTpmd)2].


Compound 5 is a colourless crystalline solid that is very
sensitive to air and moisture but thermally stable with de-
composition points in excess of 150 8C. The IR spectrum
shows the characteristic stretching frequencies of the pyra-
zolyl rings at 1551 cm�1. The 1H NMR spectrum shows the
pyrazolyl ring resonance at d=5.62 ppm, whereas two fur-
ther singlets at d=1.69 and 2.52 ppm belong to the methyl
substituents of MeTpmd (jDd3,5 j=0.83).[36] The 13C NMR res-
onance of the carbanionic moiety of 5 shows more or less
the same chemical shift (d=73.7) found for other
k3N-MeTpmd complexes. The X-ray structure of 5 is dis-
cussed below.


The zwitterionic sandwich complex 5 is unique in organo-
magnesium chemistry in having no Mg�C bond and instead
featuring two “naked” sp3-hybridised carbanionic centres[37]


fully separated from a Mg2+ cation, and we have investigat-
ed its solution behaviour in more detail. Pulsed field gradi-
ent spin-echo (PGSE) NMR measurements and determina-
tion of the diffusion coefficient for 5 (D=6.29U10�10 m2s�1


in C6D6) revealed the compound to be monomeric (i.e.,
zwitterionic) in solution (see Figure 2).[38, 39] The hydrody-
namic radius (rH(5)=5.76 V) and volume (VH(5)=


802 V3)[40] were obtained by using the experimental D
values together with the Stokes–Einstein equation. The
latter value is in excellent agreement with the volume
(VX-ray=806 V3) for an individual [Mg ACHTUNGTRENNUNG(MeTpmd)2] complex
obtained by X-ray crystallography (vide infra). Clearly, the
Mg2+ ion is fixed within the pyrazolyl pockets in solution,
showing the same behaviour as observed for the lithium de-
rivative 1.[18]


The molecular structure of [Mg ACHTUNGTRENNUNG(MeTpmd)2] (5) is shown in
Figure 3 and confirms the formation of a monomeric magne-
sium(II) complex in which the metal cation is coordinated
by six pyrazolyl nitrogen atoms. Compound 5 crystallises in
the trigonal space group R3̄[31] with the magnesium atom on


a special crystallographic position and three molecules in
the unit cell. It can formally be described as zwitterion con-
taining spatially separated carbanions (C1 and C1’’’) and a
dication (Mg1). The N-C1-N angles (108.98) are in agree-
ment with a (pseudo)tetrahedral environment at the sp3-hy-
bridised carbanionic centre and compare well with those
found for other tris(3,5-dimethylpyrazolyl)methanide com-


Figure 2. Plot of ln ACHTUNGTRENNUNG(I/Io) versus arbitrary units proportional to the square
of the gradient amplitude for 1H PGSE NMR diffusion measurements on
approximately 60 mm samples of [Mg ACHTUNGTRENNUNG(MeTpmd)2] (5) at ambient tempera-
ture in C6D6 (1H: D=70 ms (top), 150 ms (middle) and 300 ms (bottom);
D=6.29U10�10 m2 s�1). Each experiment (open circles) was performed
for each of the three proton resonances of 5.


Figure 3. Molecular structure of [Mg ACHTUNGTRENNUNG(MeTpmd)2] (5). Displacement ellip-
soids drawn at the 30% probability level. Selected bond lengths [pm] and
angles [8]: Mg1�N1 218.9(1), C1�Mg1 319.8; N2-C1-N2’ 108.9(1), N1�
Mg1-N1’ 84.42(5), N1-Mg1-N1’’’’ 95.58(5). Equivalent atoms are generat-
ed by �x+1, x�y+1, z ; �x+y, �x+1, z ; �x+2/3, �y+1/3, �z+1/3;
y�1/3, �x+y+1/3, �z+1/3; x�y+2/3, x+1/3, �z+1/3.
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plexes.[17,18, 19] The six nitrogen atoms of 5 span a trigonally
distorted octahedron (approximately D3d symmetry) around
the Mg atom with independent values of 84.42(5) and
95.58(5)8 for the N-Mg-N angles. The average Mg�N dis-
tance of 218.9(1) pm compares well with those for other
magnesium complexes of N-donor ligands in the litera-
ture.[33] It is particularly relevant to compare the structural
parameters of 5 with those of the tris(pyrazolyl)hydroborate
analogue [Mg{HBACHTUNGTRENNUNG(Me2pz)3}2], which also has a sandwich
structure.[41] In this complex the average Mg�N distance is
218.6 pm (cf. 218.9(1) pm in 5) and the Mg···B distance is
320.2 pm (cf. Mg···C 319.8 pm in 5).


The C1···Mg1 distance is about 100–110 pm longer[42] than
usually observed in organomagnesium compounds featuring
a direct Mg�C bond.[43] Any interaction between C1 and
Mg1 must therefore be predominantly electrostatic in
nature between the regions of negative and positive charge.
For the six-coordinate complex [Mg{HC ACHTUNGTRENNUNG(Me2pz)3}Cl2ACHTUNGTRENNUNG(thf)]
(4) containing a neutral HCACHTUNGTRENNUNG(Me2pz)3 ligand the Mg···CH dis-
tance is slightly longer (Mg1···C16 327.3(2) pm) than in 5.
This is consistent with DFT calculations previously per-
formed for the lithium derivative 1, for which small electro-
static interactions between the cation and anion were infer-
red from the calculated compliance constants.[18,44]


As mentioned above, crystalline portions of 6 always con-
tained impurities of MgPh2, which impeded precise assign-
ment of the aryl 1H and 13C NMR resonances of 6 due to
overlapping signals. Nonetheless, the 1H NMR spectrum
(C6D6) shows the typical resonances with chemical shifts of
d=5.42 ppm (CHpz) and d=2.37 and 2.06 ppm. The latter
belong to the methyl substituents of MeTpmd showing a sep-
aration jDd3,5 j of 0.31 ppm. Again we found a characteristic
13C NMR resonance of the carbanion at d=73.3. Heating a
C6D6 solution of 6 and 1H NMR spectroscopic monitoring
did not show any formation of further amounts of MgPh2 or
sandwich compound 5, which would have been the case if 6
were unstable with respect to a conceivable Schlenk equilib-
rium [Eq. (2) with X=Ph]. Furthermore, we were not able
to detect the resonances of 6 upon heating a 1:1 mixture of
MgPh2·2 thf and 5 in [D8]THF for 25 min at 60 8C in an
NMR spectrometer.[45] Note that such a Schlenk equilibrium
reaction was observed by Parkin et al. for the analogous Tp
complexes [Mg{HB ACHTUNGTRENNUNG(Me2pz)3}R], which transform into the
homoleptic species [Mg{HB ACHTUNGTRENNUNG(Me2pz)3}2] and MgR2 at 80–
120 8C to about 90% completion.[33j]


Although the crystalline portions of 6 are contaminated
with MgPh2 we were able to select a few single crystals of
[Mg ACHTUNGTRENNUNG(MeTpmd)Ph ACHTUNGTRENNUNG(thf)] (6) suitable for X-ray diffraction
(space group C2/c,[31] Figure 4). The X-ray structure con-
firms the formation of the half-sandwich complex with the
magnesium cation pentacoordinated by one k3N-MeTpmd
ligand, one Ph substituent, and one THF solvent molecule.
Overall, the coordination geometry around magnesium can
be described as distorted trigonal-bipyramidal. The three ni-
trogen donor atoms of the MeTpmd ligand occupy two equa-
torial and one axial position. As was observed earlier, the
strongest ligand occupies the equatorial sites in trigonal-bi-


pyramidal coordination compounds, and therefore the
phenyl substituent resides in the equatorial positions.[33b]


The remaining thf donor coordinates axially. The zwitterion-
ic half-sandwich compound shows both a direct M�CPh bond
(formally sp2) and a non-coordinated, formally sp3 hybri-
dised apical carbanion that shows no bonding interaction
with the metal centre. This structural motif is again very un-
usual for magnesium organyls.[37]


The N-C1-N angles at the carbanionic centre (av 109.08)
fall in the typical range found for the MeTpmd ligand. The
intramolecular C1···Mg1 distance of 315.1 pm is shorter than
that in the comparable sandwich compound 5 (cf. 319.8 pm),
which might be attributed to the lower coordination number
of MgII (five in 6, six in 5). The same shortening is observed
for the average magnesium–nitrogen distance of
213.6(2) pm, which is again shorter than in hexacoordinate
magnesium complex 5 (cf. 218.9(1) pm). Comparable bond
lengths are known from the literature for some tetracoordi-
nate magnesium alkyl complexes containing Tp-type li-
gands.[46] In 6, however, the difference between the individu-
al magnesium–nitrogen distances is much larger, ranging
from 209.6(2) to 219.0(2) pm. On the one hand this may be
attributed to steric interactions of one methyl group of
MeTpmd (C24) with the phenyl ligand (cf. torsion angle N3-
N4-Mg1-C100 4.78). On the other hand, trigonal-bipyrami-
dal (D3h) structures ML5 typically have longer axial M�L
distances (3c–4e bonding) than equatorial M�L distances.
This was also found, for instance, by Chisholm et al. for the
analogous compound [Mg{HB ACHTUNGTRENNUNG(3-Phpz)3}EtACHTUNGTRENNUNG(thf)] (cf.
dACHTUNGTRENNUNG(Mg�Neq)=218.2 pm, d ACHTUNGTRENNUNG(Mg�Nax)=228.6 pm).[33b] Com-
pared to the latter, the Mg�N distances in 6 are, however,
much shorter. The Mg�CPh bond length of 214.1(3) pm is in


Figure 4. Molecular structure of [Mg ACHTUNGTRENNUNG(MeTpmd)Ph ACHTUNGTRENNUNG(thf)] (6). Displacement
ellipsoids drawn at the 30% probability level. Selected bond lengths [pm]
and angles [8]: Mg1�N2 209.6(2), Mg1�N4 219.0(2), Mg1�N6 212.2(2),
C1�Mg1 315.1, Mg1�O1 220.5(2), Mg1�C100 214.1(3); N1-C1-N3
109.1(2), N3-C1-N5 108.7(2), N1-C1-N5 109.3(2), C101-C100-C105
113.3(2), N2-Mg1-N6 90.93(8), N2-Mg1-C100 138.9(1), N6-Mg1-C100
129.94(9), N4-Mg1-O1 164.97(7).
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agreement with other magnesium–phenyl distances known
from the literature.[47] The distortion of the phenyl ligand
(e.g., an acute C-C-C angle of 113.38 at the ispo-carbon
atom) is comparable to examples known from the literature
in which an aryl ligand is bonded to an electropositive
metal. The additionally coordinated thf molecule (d ACHTUNGTRENNUNG(Mg�
O)=220.5(2) pm) is located between the remaining two pyr-
azolyl groups at N2 and N6. The oxygen atom slightly devi-
ates from the ideal axial position (a(N4-Mg1-O1)=


164.97(7)8).
Although sandwich-type bis ACHTUNGTRENNUNG[tris(pyrazolyl)methane] (i.e.,


neutral Tpm ligand) complexes of Ca2+ and Sr2+ have been
reported,[48] no magnesium analogue is known. Therefore,
following the successful protonation of [MgACHTUNGTRENNUNG(MeTpmd)Cl] (2)
to afford 4 we carried out a similar reaction of 5 with
2 equiv of trifluoromethanesulfonic acid (HOTf). This fur-
nished dicationic complex [Mg{HC ACHTUNGTRENNUNG(Me2pz)3}2]ACHTUNGTRENNUNG(OTf)2 (7;
OTf�= [O3SCF3]


�) in 63% yield of isolated product
(Scheme 5). Unlike its zwitterionic precursor, 7 is stable in
air for days without any signs of decomposition. Note that 7
is also formed by treating two equivalents of HCACHTUNGTRENNUNG(Me2pz)3


with Mg ACHTUNGTRENNUNG(OTf)2 at room temperature in acetone. However,
1H NMR spectroscopic monitoring of this reaction showed
the conversion to be quite low.


The 1H NMR spectrum of 7 in [D6]acetone clearly showed
a signal for the apical HC ACHTUNGTRENNUNG(Me2pz)3 proton at d=8.46 ppm
and sharp methyl singlets at d=1.75 and 2.87 ppm. The
apical carbon atom is observed in an usual region in the
13C NMR spectrum at d=69.8 ppm, and the IR spectrum
(solid, ATR) shows the characteristic stretching frequencies
of the pyrazolyl rings at 1566 cm�1. PGSE NMR measure-
ments and determination of the diffusion coefficient for 7
(D=10.08U10�10 m2s�1 in [D6]acetone at room temperature)
revealed the compound to be integral in solution. The hy-
drodynamic radius (rH(7)=6.44 V) and volume (VH(7)=


1118 V3) are again in excellent agreement with the volume
of an individual [Mg{HC ACHTUNGTRENNUNG(Me2pz)3}2]ACHTUNGTRENNUNG(OTf)2 complex ob-
tained by X-ray crystallography (VX-ray =1113 V3, vide infra).
Again, the Mg2+ ion is fixed within the octahedral N6 donor
environment in solution.


The molecular structure of 7 is shown in Figure 5 (space
group P21/n).


[31] Consistent with the analytical data for 7, the
magnesium dication is coordinated by two HCACHTUNGTRENNUNG(Me2pz)3 li-
gands and the triflate counteranions are well separated from
the cation (shortest Mg···O distance ca. 488 pm). This is in


contrast to the situation for analogous sandwich complexes
of calcium and barium with HC(pz)3: in these structures ad-
ditional interactions of the counteranions result in coordina-
tion numbers of up to nine.[48] Like the other complexes de-
scribed here, the coordination sphere around magnesium is
trigonally distorted (two principle average N-Mg-N angles
of 83.68 and 96.348). The average Mg�N distance of
216.8 pm in 7 is marginally shorter than those in the zwitter-
ionic complex [Mg ACHTUNGTRENNUNG(MeTpmd)2] (5, av 218.9 pm) and the tris-
(pyrazolyl)hydroborate complex [Mg{HBACHTUNGTRENNUNG(Me2pz)3}2] (av
218.6 pm),[41] whereas a longer average Mg�N distance
might have been expected compared to the latter complexes
which contain anionic N3 ligands. The origin of the shorter
Mg�N distances in 7 is unclear, but since the differences are
relatively small it may arise from crystal packing effects.


Reactions of HC ACHTUNGTRENNUNG(Me2pz)3 with dialkyl zinc reagents : To
make comparisons with the magnesium chemistry discussed
above and with the lithium compound [Li ACHTUNGTRENNUNG(MeTpmd) ACHTUNGTRENNUNG(thf)]
(1), we performed analogous reactions of HC ACHTUNGTRENNUNG(Me2pz)3 with
zinc alkyl and aryl reagents. Preliminary NMR-tube experi-
ments with ZnMe2 and HC ACHTUNGTRENNUNG(Me2pz)3 in C6D6 showed that
this reaction was considerably slower than those between
HC ACHTUNGTRENNUNG(Me2pz)3 and LiMe, MeMgX (X=Cl or Br) and MgR2


(R=nBu or Ph) under analogous conditions. Nonetheless,
treatment of HC ACHTUNGTRENNUNG(Me2pz)3 with a small excess of a toluene


Scheme 5. Synthesis of [Mg{HC ACHTUNGTRENNUNG(Me2pz)3}2] ACHTUNGTRENNUNG(OTf)2 (7)


Figure 5. Molecular structure of [Mg{HC ACHTUNGTRENNUNG(Me2pz)3}2] ACHTUNGTRENNUNG(OTf)2 (7). Displace-
ment ellipsoids drawn at the 30% probability level. Selected bond
lengths [pm]: Mg1�N2 217.2(3), Mg1�N4 215.7(3), Mg1�N6 218.5(3),
Mg1�N8 217.3(3), Mg1�N10 216.2(3), Mg1�N12 216.0(3), Mg1···C1
314.4, Mg1···C2 316.2.
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solution of ZnMe2 in benzene and heating at 40 8C for six
days gave [Zn ACHTUNGTRENNUNG(MeTpmd)Me] (8) as an analytically pure
powder in 45% yield of isolated product (Scheme 6). Al-
though we were not able to obtain single crystals of 8 the
analytical, NMR and mass spectroscopic data are fully con-
sistent with the half-sandwich structure depicted in
Scheme 6.


The EI mass spectrum showed no signals above the ex-
pected peaks for 8 at m/z 376 ([M]+ , 5%) and m/z 361
([M�Me]+ , 95%) with the correct isotope distributions, and
a bulk sample of 8 yielded a correct elemental analysis. The
1H NMR spectrum of 8 showed resonances for a coordinat-
ed MeTpmd ligand (presumably k3N) with no resonance for
an apical CH moiety (C6D6, RT, jDd3,5 j=0.28). The apical
C ACHTUNGTRENNUNG(Me2pz)3 signal appeared at d ACHTUNGTRENNUNG(13C)=72.6, and the methyl
group attached to zinc gave a typical singlet at d(1H)=


0.24 ppm and quartet at d ACHTUNGTRENNUNG(13C)=�16.8 ppm (non-decoupled
13C). The 1JCH coupling constant of 118 Hz for the ZnMe
group is identical to that reported for the tris(pyrazolyl)hy-
droborate complex [Zn{HBACHTUNGTRENNUNG(Me2pz)3}Me] by Parkin et al.
(also in C6D6).


[49] Since it is known that average 1JCH values
of methyl groups are very sensitive probes of the effective
electronegativity of the metal to which they are attached,[50]


it can be concluded that the effective charge of the Zn
atoms in these directly related zwitterionic complexes is the
same and that the metal occupies more or less the same
ligand environment in [HB ACHTUNGTRENNUNG(Me2pz)3]


� and [MeTpmd]� com-
plexes. This is also in line with our previous DFT calcula-
tions and experimental observations for other transition
metal complexes, which suggest that [HB ACHTUNGTRENNUNG(Me2pz)3]


� and
[MeTpmd]� have similar bonding properties.[51]


Surprisingly, and in contrast to the zwitterionic magnesi-
um compound [Mg ACHTUNGTRENNUNG(MeTpmd)2] (5), which can be readily pre-
pared from both MgnBu2 and MgPh2, or the highly reactive
half-sandwich [Mg ACHTUNGTRENNUNG(MeTpmd)Ph ACHTUNGTRENNUNG(thf)] (6), ZnPh2 does not
react with HC ACHTUNGTRENNUNG(Me2pz)3 even after extended periods of heat-
ing. This may be attributed to the stronger Zn�CPh bond as
compared to the organometallic magnesium counterpart, as
investigated by DFT methods below. Similarly, monomethyl
compound 8 does not react with a further equivalent of
HC ACHTUNGTRENNUNG(Me2pz)3 to give a sandwich compound such as 9 (the Zn
analogue of 5). Furthermore, on heating solutions of 8 we
found no NMR evidence for a ligand-redistribution process
according to Scheme 7. This is also in sharp contrast to the


behaviour observed for the magnesium compounds, which
form highly reactive and hardly isolable half-sandwich com-
pounds such as [Mg ACHTUNGTRENNUNG(MeTpmd)Ph ACHTUNGTRENNUNG(thf)] (6) but instead readily
form sandwich compounds (e.g., 5, vide supra). Interestingly,
and in contrast to our observations, Parkin et al. reported
that ligand-exchange and -redistribution processes are
facile for the tris(pyrazolyl)hydroborate analogue
[Zn{HB ACHTUNGTRENNUNG(Me2pz)3}Me].[52]


Density functional calculations


As described above, the reactions of MgR2 (R=nBu, Ph)
with HC ACHTUNGTRENNUNG(Me2pz)3 readily form the sandwich complex
[Mg ACHTUNGTRENNUNG(MeTpmd)2] (5) or the reactive zwitterion
[Mg ACHTUNGTRENNUNG(MeTpmd)Ph ACHTUNGTRENNUNG(thf)] (6) in the case of MgPh2. In contrast,
ZnMe2 forms only the half-sandwich complex [Zn-
ACHTUNGTRENNUNG(RTpmd)Me] (8), and no reaction was observed for ZnPh2.
Furthermore, in all instances only k3N-coordinated Tpmd li-
gands have been found. To gain further insight into the
structures and reactivity patterns of the new sandwich and
half-sandwich compounds and information on experimental-
ly non-observable systems, we carried out a series of DFT
calculations (RI-DFT/BP86/def2-TZVP)[53] using the TUR-
BOMOLE program (see Supporting Information).[54]


Electronic structure of sandwich and half-sandwich com-
pounds : Figure 6 shows the DFT computed geometries of
[Mg ACHTUNGTRENNUNG(MeTpmd)2] (5Q, a model for the real compound 5) and
[Mg ACHTUNGTRENNUNG(MeTpmd)Me] (6Q, a model for the half-sandwich com-
pounds or intermediates [Mg ACHTUNGTRENNUNG(MeTpmd)R] (R=nBu or Ph)
formed en route to 5). Analogous geometries were comput-
ed for [Zn ACHTUNGTRENNUNG(MeTpmd)2] (9Q) and [Zn ACHTUNGTRENNUNG(MeTpmd)Me] (8Q).


Table 1 lists relevant distances and angles for these model
MeTpmd compounds. We also carried out calculations on the
corresponding H-substituted HTpmd systems (HTpmd=


C(pz)3) [M ACHTUNGTRENNUNG(HTpmd)2] [M=Mg (5q) or Zn (9q)) and
[M ACHTUNGTRENNUNG(HTpmd)Me] (M=Mg (6q) or Zn (8q)], details of which


Scheme 6. Synthesis of [ZnACHTUNGTRENNUNG(MeTpmd)Me] (8).


Scheme 7. Sandwich compound [Zn ACHTUNGTRENNUNG(MeTpmd)2] (9) is not experimentally
accessible by reaction of 8 with HC ACHTUNGTRENNUNG(Me2pz)3 or by ligand redistribution.
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are provided in Table S2 and Figure S1 in the Supporting In-
formation. The structures and geometrical parameters for
the pairs of homologous MeTpmd and HTpmd compounds
[M ACHTUNGTRENNUNG(RTpmd)2] (and also [M ACHTUNGTRENNUNG(RTpmd)Me]) complexes are ef-
fectively the same and independent of the nature of R and
M, except that the Mg�N distances are slightly longer than
those in the zinc analogues, as expected.[55]


Where experimental data are available (5) the agreement
between computed and observed geometries is very good.
The largest difference in interatomic distances between the
Mg and Zn systems was found for the metal–methyl bond
length, which is 14 pm shorter in [Zn ACHTUNGTRENNUNG(MeTpmd)Me] (8Q)
compared to the magnesium counterpart 6Q (18 pm for
[Zn ACHTUNGTRENNUNG(HTpmd)Me] (8Q) compared to 6Q). Similar results
have been observed in X-ray structure analyses of structur-
ally related [HBACHTUNGTRENNUNG(Me2pz)3]


� complexes of Mg and Zn.[55]


The half-sandwich compounds [M ACHTUNGTRENNUNG(RTpmd)Me] are partic-
ularly interesting from a bonding and reactivity perspective.
They feature a metal–methyl bond (formally an sp3 CH3


�


carbanion interacting with a cationic metal centre) and a un-
coordinated sp3-hybridised apical carbanion which shows no


bonding interaction with the
metal centre. The DFT calcula-
tions for [M ACHTUNGTRENNUNG(RTpmd)Me] found
in each case that the HOMO is
localised on the apical carban-
ion, whereas the HOMO�1 is
the s ACHTUNGTRENNUNG(M�Me) bonding orbital.
Table 2 summarises the
HOMO and HOMO�1 ener-
gies for the four [M-
ACHTUNGTRENNUNG(RTpmd)Me] compounds stud-
ied. In the previous DFT stud-
ies on the compounds [Li-
ACHTUNGTRENNUNG(MeTpmd) ACHTUNGTRENNUNG(thf)] (1) and [Ti-
ACHTUNGTRENNUNG(MeTpmd)(NR)Cl ACHTUNGTRENNUNG(thf)] the
HOMO in each case was also
the apical carbanionic lone
pair.[17, 18]


The energy of the carban-
ion-based HOMO is effectively


independent of the nature of the metal for a given RTpmd
ligand (cf. 8q/6q and 8Q/6Q), although some energy pertur-
bations may occur due to symmetry-allowed mixing of
HOMO and HOMO�1. The largest effect on the HOMO
energy is in fact provided by the 3,5-methyl substituents of
the pyrazolyl rings, presumably due to inductive effects.
Therefore, although the carbanionic lone pair in the H-sub-
stituted [C(pz)3]


� anions is sterically more accessible, the
Me-substituted [CACHTUNGTRENNUNG(Me2pz)3]


� anions are more nucleophilic.
The HOMO energy can serve as a kind of internal refer-


ence when comparing different metal complexes of a partic-
ular RTpmd ligand. The most significant difference between
the Mg and Zn compounds is the energy difference (de-
noted DEHOMO/HOMO�1 in Table 2) between the carbanion
HOMO and the metal–carbon bond HOMO�1. This may
be attributed to the greater electronegativity of Zn (cP =


1.65) versus Mg (cP =1.31) and higher effective nuclear
charge of the metal valence s and p orbitals for Zn.[56] The
well-recognised higher covalent character of the Zn�C bond
compared to Mg�C leads to a much more energetically sta-
bilised metal–carbon s bond that is less polar (see below)
and more covalent for Zn than Mg.[57]


k1C versus k3N coordination in [M ACHTUNGTRENNUNG(MeTpmd)Me] systems :
As mentioned, AuI RTpmd complexes exist as linear k1C-co-


Figure 6. DFT computed structures of [Mg ACHTUNGTRENNUNG(MeTpmd)2] (5Q, left) and [Zn ACHTUNGTRENNUNG(MeTpmd)Me] (8Q, right). The calcu-
lated structures of [Zn ACHTUNGTRENNUNG(MeTpmd)2] (9Q) and [Mg ACHTUNGTRENNUNG(MeTpmd)Me] (6Q) are analogous.


Table 1. Selected DFT calculated bond lengths [pm] and angles [8] for
the model sandwich and half-sandwich compounds [M ACHTUNGTRENNUNG(MeTpmd)2] [M=


Mg (5Q) or Zn (9Q)] and [M ACHTUNGTRENNUNG(MeTpmd)Me] [M=Mg (6Q) or Zn (8Q)].


Parameter [M ACHTUNGTRENNUNG(MeTpmd)2] [M ACHTUNGTRENNUNG(MeTpmd)Me]
M=Zn
ACHTUNGTRENNUNG(9Q)


M=Mg
ACHTUNGTRENNUNG(5Q)[a]


M=Zn
ACHTUNGTRENNUNG(8Q)


M=Mg
ACHTUNGTRENNUNG(6Q)


M···C1 318.9 320.7 (319.8) 308.4 308.1
M�N1 221.0 225.5 (218.9) 210.6 214.0
C1�N2 144.1 144.2 (144.0) 144.5 144.5
M�C2 n.a. n.a. 198.3 212.2
N2-C1-N2’ 110.5 110.6 (108.9) 109.9 110.6
N1�N2 138.6 138.9 (138.1) 138.5 138.9


[a] Values in parentheses are distances and angles from the X-ray struc-
ture analyses of [Mg ACHTUNGTRENNUNG(MeTpmd)2] (5).


Table 2. DFT computed frontier orbital energies [eV] for various half-
sandwich complexes [M ACHTUNGTRENNUNG(RTpmd)Me] (R=H or Me; M=Mg or Zn).


Compound Carbanion
lone pair
ACHTUNGTRENNUNG(HOMO)


M�Me bond
orbital
ACHTUNGTRENNUNG(HOMO�1)


DEHOMO/HOMO�1


[Mg ACHTUNGTRENNUNG(HTpmd)Me] (6q) �4.70 �4.95 0.25
[Zn ACHTUNGTRENNUNG(HTpmd)Me] (8q) �4.65 �5.74 1.09
[Mg ACHTUNGTRENNUNG(MeTpmd)Me] (6Q) �4.38 �4.81 0.43
[Zn ACHTUNGTRENNUNG(MeTpmd)Me] (8Q) �4.36 �5.55 1.19
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ordinated species [AuACHTUNGTRENNUNG(HTpmd)C6F5]
� [25] or [Au ACHTUNGTRENNUNG(MeTpmd)-


ACHTUNGTRENNUNG(PPh3)],
[19] whereas all other RTpmd species so far described


have k3N-coordinated ligands.[17,18,19] Diorgano zinc species
ZnR2 (R=alkyl or aryl) are often found as linear, two-coor-
dinate complexes in the gaseous[58] and solid states,[59] espe-
cially for bulky ligands.[60] Although much less common,
linear two-coordinate MgR2 (R=alkyl, aryl) have also been
structurally characterised for sterically demanding R
groups.[43,61] It was therefore of interest to compare the rela-
tive energies of the k1C- and k3N-coordinated MeTpmd iso-
mers for Mg and Zn. The DFT computed structures for k1C-
coordinated isomers [Mg(k1C-MeTpmd)Me] (6Q’) and
[Zn(k1C-MeTpmd)Me] (8Q’) are shown in Figure 7; selected
bond lengths and angles are compiled in Table 3. Although


C-coordinated isomers featuring one k1C,k1N- or two
k1C,k2N-coordinated pyrazolyl groups are also energetically
viable, we focus exclusively on the k1C-coordinated systems
in order to estimate the energetics arising solely from the
metal–carbon bonds.


In the k1C-MeTpmd complexes 6Q’ and 8Q’ the pyrazolyl
substituents adopt a “propeller-like” arrangement. The geo-
metries around the central Mg and Zn atoms are approxi-
mately linear, as is experimentally observed in the solid
state and gas phase for dialkyl and diaryl complexes
MR2.


[43,61] The M�C ACHTUNGTRENNUNG(Me2pz)3 distances are within bonding


range (218.3 and 203.1 pm for 6Q’ and 8Q’, respectively)
but much longer than the M�Me distances (209.4 and
194.9 pm, respectively), as expected. The M�Me distances in
6Q’ and 8Q’ are shorter than in the k3N-coordinated iso-
mers 6Q (212.2 pm) and 8Q (198.3 pm), and this reflects
the higher coordination numbers in the latter. In all cases
the Mg�C distances are longer than the Zn�C counterparts.


As a starting point for understanding the k1C versus k3N
coordination preferences of the various [M ACHTUNGTRENNUNG(MeTpmd)Me]
species, we computed the gas-phase reaction energies of
forming CH4 and [M(k1C-MeTpmd)Me] [M=Zn (8Q’) or
Mg (6Q’)] from HC ACHTUNGTRENNUNG(Me2pz)3 and the dimethyl compounds
MMe2 [M=Zn or Mg; Eq. (3)].[62] In these calculations we
used the HC ACHTUNGTRENNUNG(Me2pz)3 minimum structure featuring a “pro-


peller-like” arrangement of the
pyrazolyl groups with all nitro-
gen lone pairs oriented away
from the apical C�H bond
(analogous to the
[M(k1C-MeTpmd)Me] species).
A slightly different rotamer is
found experimentally (one N
lone pair “up” toward the CH
group)[63] and DFT also finds
this to be slightly favoured (by
16.5 kJmol�1). However, in
order to exclude energetic con-
tributions resulting from intra-
molecular rearrangement pro-
cesses of the Me2pz groups
prior to reacting with MMe2,
and thus to account only for
the energetics of the M�C
bond, we performed the calcu-
lations with this “all lone pairs
down” isomer.


HCðMe2pzÞ3 þMMe2 ! ½Mðk1C-MeTpmdÞMe� þ CH4 ð3Þ


Overall we found that for Mg (6Q’) the reaction enthalpy
was slightly favourable (DrE=�15.4 kJmol�1), whereas for
Zn (8Q’) it was slightly unfavourable (DrE=++6.1 kJmol�1).
We will return to a further discussion of these energetics of
s-bond metathesis later.


Whereas the k1C-coordinated isomers are not strongly
favoured relative to the separated HCACHTUNGTRENNUNG(Me2pz)3 and MMe2


starting materials [Eq. (3)], the k3N-coordinated isomers
are considerably more stable. According to the calcula-
tions [Zn(k3N-MeTpmd)Me] (8Q) is 129.8 kJmol�1 more
stable than [Zn(k1C-MeTpmd)Me] (8Q’), and
[Mg(k3N-MeTpmd)Me] (6Q) is 233.0 kJmol�1 more stable
than [Mg(k1C-MeTpmd)Me] (6Q’) [Eq. (4)]. These differen-
ces for Mg and Zn highlight the importance of the nature of
the metal on the deprotonation and coordination chemistry
of HC ACHTUNGTRENNUNG(Me2pz)3 and MeTpmd.


½Mðk1C-MeTpmdÞMe� ! ½Mðk3N-MeTpmdÞMe� ð4Þ


Figure 7. DFT computed structures of [Zn(k1C-MeTpmd)Me] (8Q’, left) and [Mg(k1C-MeTpmd)Me] (6Q’,
right).


Table 3. Selected DFT computed bond lengths [pm] and angles [8] for
the model k1C-coordinated complexes [Mg(k1C-MeTpmd)Me] [M= (6Q’)
or Zn (8Q’)].


Parameter [Mg(k1C-MeTpmd)Me] (6Q’) [Zn(k1C-MeTpmd)Me] (8Q’)


M�C1 218.3 203.1
M�C2 209.4 194.9
C1-M-C2 179.6 179.8
C1�N2 109.5 109.4
N2-C1-N2’ 146.5 146.7
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Based on these data, it is the overall change from k1C to
k3N coordination that appears to provide the substantial
driving force for the real reactions of HC ACHTUNGTRENNUNG(Me2pz)3 with or-
ganomagnesium and -zinc compounds. To gain a better un-
derstanding of the k1C to k3N rearrangement process we an-
alysed the process in terms of three hypothetical steps using
the thermodynamic cycle illustrated in Figure 8. We do not


suggest that Figure 8 represents a true experimental mecha-
nism. All geometries were fully optimised. Since the theo-
retical treatment of anionic species is often problematic, we
used an appropriate “solvent-cage” approximation [conduc-
tor-like screening model[64] (COSMO) in Et2O (e=4.27)].
The energies for the individual steps in Figure 8 are com-
piled in Table 4. Note that some of the energies differ slight-
ly from those discussed elsewhere in the text due to the use
of the COSMO model.


The M�C bond homolysis (DEhomo) is about 30 kJmol�1


more unfavourable for Zn than for Mg. In contrast, the final
complexation step of [MMe]+ by [MeTpmd]� (DEcomplex) is
considerably more favoured for Zn (DDEcomplex=


113.1 kJmol�1). Thus, in terms of metal–ligand bond ener-
gies alone the k1C to k3N rearrangement [(DrE ACHTUNGTRENNUNG(k


1C!k3N)]
should be more favourable for Zn, which is not the case
(Table 4). However, examination of the second step in
Figure 8 (electron transfer from [MMe]C to [MeTpm]C) shows
a considerably more endothermic process for Zn than Mg
(DDEtrans =169.8 kJmol�1), and it is this term which controls
the overall DrE ACHTUNGTRENNUNG(k


1C!k3N) value. This second step involves
both the electron-gain process [MeTpmd]C+e�! ACHTUNGTRENNUNG[MeTpmd]�


and the ionization process [MIMe]C! ACHTUNGTRENNUNG[MIIMe]+ +e�. Since
the former is independent of Mg and Zn, the ionization of
[MIMe]C is the only contribution dependent on the identity
of the metal. The higher DEtrans term thus reflects the higher
atomic ionisation energies for Zn (I1,2 =906.4,
1733.3 kJmol�1) than for Mg (737.1, 1450.7 kJmol�1).[65]


From these calculations we conclude that the magnitude of
DrE for the k1C to k3N rearrangement of a general
[M ACHTUNGTRENNUNG(MeTpmd)X] system reflects both the bond-enthalpy
changes on going from a k1C to k3N coordination mode, and
also the energy required to move an electron from the [MX]
fragment to a coordinated k3N-Tpmd moiety.


Sandwich-complex formation: Mg versus Zn : As noted
above, HC ACHTUNGTRENNUNG(Me2pz)3 reacts readily with MgR2 (R=nBu or
Ph) to form the sandwich complex [Mg ACHTUNGTRENNUNG(MeTpmd)2] (5),
whereas ZnMe2 forms only the half-sandwich
[Zn ACHTUNGTRENNUNG(MeTpmd)Me] (8) even after prolonged reaction times.
In contrast, the comparable half-sandwich compound
[Mg ACHTUNGTRENNUNG(MeTpmd)Ph ACHTUNGTRENNUNG(thf)] (6) was found to be highly reactive to-
wards HC ACHTUNGTRENNUNG(Me2pz)3. To shed more light on the experimental-
ly observed behaviour we calculated the electronic energies
DrE(R,M) for the reaction of the methyl compounds
[M ACHTUNGTRENNUNG(RTpmd)Me] with HCACHTUNGTRENNUNG(R2pz)3 to afford the sandwich
complexes [M ACHTUNGTRENNUNG(RTpmd)2] and CH4 [M=Mg or Zn; R=H or
Me; Eq. (5)].


½MðRTpmdÞMe� þHCðR2pzÞ3 ! ½MðRTpmdÞ2� þ CH4 ð5Þ


In addition to the gas-phase calculations, we also per-
formed single-point calculations using the COSMO model[64]


for Et2O (e=4.27) and benzene (e=2.28)[65] and the gas-
phase geometries. Entropy effects were not included and are
assumed to be approximately equivalent in each case. How-
ever, the value of the TDrS term is likely to be unfavourable
in these reactions due to the higher ordering of the coordi-
nated RTpmd ligand in the products [M ACHTUNGTRENNUNG(RTpmd)2] compared
with the “free” HCACHTUNGTRENNUNG(R2pz)3 ligand precursors. The results are
summarised in Table 5.


Table 5 shows that in all cases the energy of formation of
the [M ACHTUNGTRENNUNG(RTpmd)2] systems (DrE(R,M)) is considerably more
thermodynamically favourable for M=Mg than for Zn by
between �120 and �127 kJmol�1. This is in agreement with
the experimental observations. The differences depend only
to some extent on the R groups of the RTpmd ligand and
the calculation model. These differences are also compara-
ble to that (124.7 kJmol�1) between the DrE values for the
formation of the k3N-coordinated [M ACHTUNGTRENNUNG(MeTpmd)Me] com-


Figure 8. Hypothetical thermodynamic cycle for the k1C to k3N rear-
rangement of the [M ACHTUNGTRENNUNG(Tpmd)Me] complexes: M�C bond homolysis
(DEhomo); electron transfer (DEtrans) from the [MMe]C fragment (ionisa-
tion) to the [MeTpm]C radical (electron gain); complexation of [MeTpmd]�


to [MMe]+ (DEcomplex). DrE ACHTUNGTRENNUNG(k
1C!k3N)=DEhomo +DEtrans +DEcomplex.


Table 4. Energetic contribution [kJmol�1] of the individual steps of the
k1C to k3N rearrangement defined according to Figure 8.


DEhomo DEtrans DEcomplex DrE ACHTUNGTRENNUNG(k
1C!k3N)


M=Mg 136.4 88.7 �424.3 �199.2
M=Zn 167.6 258.5 �537.4 �111.3
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plexes from MMe2 and HC ACHTUNGTRENNUNG(Me2pz)3 [Eqs. (3) and (4)] and
presumably have analogous electronic origins (vide supra: a
more unfavourable Zn�Me/H�C ACHTUNGTRENNUNG(R2pz)3 s-bond metathesis
reaction and a more endothermic ionisation energy for Zn
compared to Mg). Table 5 also predicts a destabilisation of
between 30 and 34 kJmol�1 on introducing the 3,5-dimethyl
substituents in the [M ACHTUNGTRENNUNG(MeTpmd)2] systems (R=H vs. Me).
Although steric effects clearly may be important here, we
note from Table 2 that the ring methyl substituents destabi-
lise the carbanion lone pairs by about 30 kJmol�1 and thus
make a formal electron-transfer step from [MI] to [MeTpmd]C
less favourable.


Finally we note that the choice of reaction solvent might
also contribute to the reaction energetics, since more polar
solvents (benzene vs. Et2O) substantially disfavour the for-
mation of the sandwich compounds [M ACHTUNGTRENNUNG(MeTpmd)2] according
to the COSMO model. This effect is attributed to the larger
dipole moment of the half-sandwich compounds
[M ACHTUNGTRENNUNG(MeTpmd)Me], whereas the dipole moment of the sand-
wich compounds is essentially zero.


Thermodynamic aspects of the H�C/M�R exchange reac-
tions of HC ACHTUNGTRENNUNG(Me2pz)3 with MR2 : Describing and understand-
ing the relationships between M�R bond dissociation en-
thalpies DH ACHTUNGTRENNUNG(M�C) and the corresponding hydrocarbon
R�H enthalpies DHACHTUNGTRENNUNG(H�C) continues to attract much inter-
est from both a DFT and experimental perspective.[28, 29,58b,66]


Density functional theory has been shown to reproduce ex-
perimental trends in bond enthalpy and has been applied to
both transition metal and main group systems (notably zinc
dialkyls) for both real systems and those for which experi-
mental data do not exist. An important parameter when dis-
cussing relationships between M�C and H�C bond enthal-
pies is the gradient zM�C/H�C of the best-fit line in plots of
DHACHTUNGTRENNUNG(M�C) versus DH ACHTUNGTRENNUNG(H�C).[28,29,58b] While the dissociation
enthalpies of both M�C and H�C bonds increase in the gen-
eral order tertiary< secondary<primary and sp3-hybri-
dised< sp2< sp, the former increase more rapidly and the
values cover a wider range. The zM�C/H�C values are therefore
invariably greater than unity, although the actual gradients
depend on the metal and method used.


Green, Downs and co-workers recently reported DFT cor-
relations of the Zn�C and H�C bond enthalpies for dialkyls
ZnR2 (R=Me>CH2SiMe3>CH2CMe2>nPr>Et> iPr>
tBu), which furnished a zZn�C/H�C value of about 1.5.[58b] The
calculated DHACHTUNGTRENNUNG(Zn�C) values also correlated well with ex-
perimental Zn�C distances (longest Zn�C distances for the


weakest Zn�C bonds) and the product �Q(Zn)Q ACHTUNGTRENNUNG(a-C),
which was used as a measure of Zn�C bond polarity (Q is
the net atomic charge based on Mulliken population analy-
ses). Larger bond-polarity terms were associated with larger
bond enthalpies.


With these observations in mind, it was surprising that the
DFT calculations on the reaction of HC ACHTUNGTRENNUNG(Me2pz)3 with MMe2


to form [M(k1C-MeTpmd)Me] and CH4 [Eq. (3)] was in fact
either only marginally disfavoured (M=Zn, DrE=


+6.1 kJmol�1) or slightly favoured (M=Mg, DrE=


�15.4 kJmol�1). These results suggested that the energy
gain on replacing the tertiary apical CH group of
HC ACHTUNGTRENNUNG(Me2pz)3 by a C�M bond (M=Zn, Mg) is significantly
greater than would be expected based on the simple alkyls
studied by Green et al.[58b]


To probe this apparently anomalous behaviour we evalu-
ated the bond dissociation enthalpies of the M�R bonds in
the model series of compounds M(R)Me (M=Mg or Zn;
R=Ph, Me, Et, nPr, iPr, tBu and C ACHTUNGTRENNUNG(Me2pz)3). We compared
the relative (with respect to R=C ACHTUNGTRENNUNG(Me2pz)3) bond enthalpies
DHACHTUNGTRENNUNG(M�C)rel to those calculated for the alkanes HR
(DHACHTUNGTRENNUNG(H�C)rel). The results are illustrated in Figure 9 for


values obtained by using the BP86 functional (comparable
results were obtained by using the B3PW91 functional). The
geometries of the M(R)Me compounds correspond well to
those obtained by others from DFT calculations[67,58] or
which are known from structural determinations
(k1C-MeTpmd complexes are not known for Zn or
Mg).[42,43,59, 60] Further parameters derived from the calcula-
tions are given in Tables S3 and S4 in the Supporting Infor-
mation.


In agreement with previous work, Figure 9 shows an ex-
cellent correlation between DHACHTUNGTRENNUNG(M�C)rel and DH ACHTUNGTRENNUNG(C�H)rel for
the conventional alkyl groups and Ph (i.e., when the
H�C ACHTUNGTRENNUNG(Me2pz)3/M�C ACHTUNGTRENNUNG(Me2pz)3 systems are excluded), with
slopes of zM�C/H�C =1.327 (Zn) and 1.406 (Mg). The larger


Table 5. Calculated reaction energies DrE(R,M)
[a] [kJmol�1] for Equa-


tion (5) in the gas phase (g) and in benzene (e=2.28) or Et2O (e =4.27)
“solution”.


DrE(R,M) R=H
(g)


R=H
ACHTUNGTRENNUNG(benzene)


R=H
ACHTUNGTRENNUNG(Et2O)


R=Me
(g)


R=Me
ACHTUNGTRENNUNG(benzene)


R=Me
ACHTUNGTRENNUNG(Et2O)


M=Mg �203.9 �182.2 �167.9 �174.0 �148.5 �134.6
M=Zn �79.6 �59.4 �47.5 �46.9 �25.2 �13.2


[a] DrE(R,M) refers to the reaction energy for [M ACHTUNGTRENNUNG(RTpmd)Me] as a function
of metal (M) and RTpmd ligand substitutents R.


Figure 9. BP86 calculated DH ACHTUNGTRENNUNG(M�C)rel versus DH ACHTUNGTRENNUNG(C�H)rel bond dissocia-
tion enthalpies (BDE [kJmol�1]) for M(R)Me and RH. Values are given
relative to R= MeTpmd. “Slope” refers to the quantity zM�C/H�C (M=Zn
or Mg) excluding the data point for R=TPM.
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zM�C/H�C for Mg suggests a greater ionic contribution for
Mg�C bonding relative to Zn�C cases.[58b,29] Consistent with
this, the products �Q(M)QACHTUNGTRENNUNG(a-CR) (natural population anal-
yses,[68] see also Table S3 in the Supporting Information) are
larger in magnitude for M=Mg for a given R group.


The data points for the H�C ACHTUNGTRENNUNG(Me2pz)3/M�C ACHTUNGTRENNUNG(Me2pz)3 sys-
tems are apparently anomalous. The calculated DHACHTUNGTRENNUNG(H�C)
for HC ACHTUNGTRENNUNG(Me2pz)3 is much lower than that of the other tertiary
alkane tBuH.[69] The weakening of C�H bonds in positions
alpha to N atoms has been noted previously.[70] In contrast,
the DHACHTUNGTRENNUNG(M�C) values are significantly larger than would be
expected from extrapolation of the other values. The devia-
tion of the calculated DHACHTUNGTRENNUNG(Mg�C) from the extrapolated line
is larger than that for DHACHTUNGTRENNUNG(Zn�C) and points to an effect of
the electronegativity of the metal. A similar plot to Figure 9
was obtained for both DH ACHTUNGTRENNUNG(M�C)rel versus calculated metal–
carbon distances d ACHTUNGTRENNUNG(M�CR) or versus �Q(M)Q ACHTUNGTRENNUNG(a-CR).
Thus, the compounds M(R)Me with conventional alkyl
groups gave an excellent correlation (as expected from the
work of Green et al.),[58b] whereas the DHACHTUNGTRENNUNG(M�C)rel values
for [M(k1C-MeTpmd)Me] were consistently higher than ex-
pected, in particular for M=Mg.


The radical relaxation energies (DHRelax(RC), see Table S3
in the Supporting Information) for the conventional alkyl
groups after M�R bond homolysis are comparable [range
�40 to �45 kJmol�1 (M=Mg) and �36 to �42 kJmol�1


(M=Zn)] so they do not significantly influence the zM�C/H�C


values (analogous results were reported by Green et al. for
their homoleptic ZnR2 systems). The corresponding values
for the M(k1C-MeTpmd)Me systems are larger (�60.7 and
�55.8 kJmol�1 for Mg and Zn, respectively) and so would
lead to a comparative lowering of DHACHTUNGTRENNUNG(M�C),[71] not the ap-
parent increase observed.


At this stage the origins of the higher than expected M�C
bond enthalpies for M(k1C-MeTpmd)Me are not entirely
clear, but we propose that they are associated with the abili-
ty of the pyrazolyl groups of MeTpmd to stabilise the nega-
tive charge which would otherwise accumulate on the
carbon atom of the intrinsically polar M�C bond. This effect
would be greater for the more electropositive Mg than Zn,
in agreement with Figure 9 and the other correlation plots
mentioned above.


For the “conventional” alkyl compounds Mg(R)Me, the
metal charges Q(Mg) are broadly invariant and fall in the
range +1.43 to +1.46 (+1.18 to +1.21 for Zn) while the
QACHTUNGTRENNUNG(a-CR) values vary from �1.39 (R=Me) to �0.52 (R=


tBu) (�1.29 to �0.46 for Zn). For M(k1C-MeTpmd)Me, the
charges Q(M) are highest of all, namely +1.51 and +1.23,
while the QACHTUNGTRENNUNG(a-CR) values are almost zero (+0.09 and �0.02
for Mg and Zn, respectively). The MeTpmd ligand appears to
delocalise the partial negative charge transferred from the
MMe fragments on s-bond formation, an effect that should
be more important for the electropositive Mg in comparison
with Zn (or H). To probe this idea further we evaluated
electron-gain enthalpies DHgain(R) for the process R+e�!
R� in the geometries found in the minimised M(R)Me spe-
cies. The DHgain(R) values were significantly more favoura-


ble for R= MeTpmd (ca. �230 kJmol�1) than for the conven-
tional alkyl groups (range ca. �84 to �178 kJmol�1).


The higher than expected DH ACHTUNGTRENNUNG(M�C) values for
[M(k1C-MeTpmd)Me] and the differences for Mg and Zn po-
tentially have important consequences for the reactions of
main group metal alkyls (and related compounds) with
HC ACHTUNGTRENNUNG(Me2pz)3. Using the values of DHACHTUNGTRENNUNG(M�C)rel and DH ACHTUNGTRENNUNG(C-
H)rel summarised in Figure 9, we calculated the enthalpies
DrE for a series of model reactions between M(R)Me and
HC ACHTUNGTRENNUNG(Me2pz)3 [Eq. (6)]. Table 6 summarises the results.


HCðMe2pzÞ3 þMðRÞMe! ½Mðk1C-MeTpmdÞMe� þRH


ð6Þ


Table 6 suggests that M�R/H�C ACHTUNGTRENNUNG(Me2pz)3 bond metathesis
should be more favorable for Mg than Zn, and that within
each series M(R)Me the reactions of the phenyl compounds
would be the least thermodynamically favourable. These
predictions are consistent with experimental observations
(we are not able to comment on any kinetic limitations).
Thus both MgR2 (R=nBu and Ph) compounds react rapidly
with HC ACHTUNGTRENNUNG(Me2pz)3 to form sandwich derivatives. Only in the
case of MgPh2 can a half-sandwich compound be observed.
For zinc only ZnMe2 reacts at all (and only slowly). ZnPh2


does not react with HCACHTUNGTRENNUNG(Me2pz)3.


Conclusion


We have described an experimental and DFT study on the
reactions of HC ACHTUNGTRENNUNG(Me2pz)3 with Grignard and diorgano mag-
nesium and zinc reagents. The zwitterionic sandwich or half-
sandwich complexes are the first such Mg and Zn species to
feature “naked” pyramidal carbanion lone pairs. The lone
pairs are the HOMOs of the compounds (as was also the
case for previous MeTpmd complexes studied for M=Ti and
Li) and are readily protonated. The sandwich structures are
preserved in solution, as was shown by PGSE diffusion
measurements. Density functional calculations showed that
the pyrazolyl ring substituents destabilise the carbanion lone
pair, whereas the nature of the metal (Zn or Mg) has little
influence. The calculations also found that the preferred for-
mation of k3N-coordinated complexes is driven by bond-en-
thalpy factors, but the formal transfer of an electron from
the [MMe]C metal fragment (ionisation) to the [MeTpm]C radi-
cal (electron gain) is a significant factor. Another important
feature of this chemistry is the weaker than anticipated H�


Table 6. Calculated reaction enthalpies DrE [kJmol�1] for Equation (6).


R DrE (M=Zn) DrE (M=Mg)


Ph +14.7 �8.0
Me +6.1 �15.4
nPr +2.4 �22.6
Et �0.1 �25.6
iPr �7.6 �35.2
tBu �11.6 �39.1
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C ACHTUNGTRENNUNG(Me2pz)3 bond (according to DFT) and stronger M�C-
ACHTUNGTRENNUNG(Me2pz)3 bond, especially for more electro ACHTUNGTRENNUNGpositive main
group metals. It appears that the relative energetics of these
two bonds in comparison with other H�C and M�C bonds
control the course of metathesis reactions between HC-
ACHTUNGTRENNUNG(Me2pz)3 and dialkyls MR2.


Experimental Section


Details of general synthetic techniques, NMR spectroscopic investiga-
tions, and X-ray crystal structure determinations, as well as computation-
al details are compiled in the Supporting Information.


Synthesis of [Mg ACHTUNGTRENNUNG(MeTpmd)Cl] (2): A solution of MeMgCl in THF (3.0m,
0.63 mL, 1.88 mmol) was added to a solution of HCACHTUNGTRENNUNG(Me2pz)3 (0.56 g,
1.88 mmol) in benzene (40 mL). The mixture was stirred at room temper-
ature for 24 h then filtered. The solid residue was washed with benzene
(1U10 mL) and the washings combined with the filtrate. The solid was
dried in vacuo to give a highly insoluble white solid which analysed
as [Mg ACHTUNGTRENNUNG(MeTpmd)Cl]n. Yield: 0.40 g (41%). IR (NaCl plates, Nujol mull):
ñ=3084 (w), 1567 (s), 1551 (s), 1415 (s), 1305 (s), 1212 (w), 1157 (w),
1104 (m), 1040 (s), 980 (m), 906 (m), 860 (s), 810 (m), 729 (m), 708 (s),
688 (s), 633 cm�1 (m); EI-MS: m/z : 95 (48%, [Me2pz]+), 107 (20%,
[C ACHTUNGTRENNUNG(Me2pz)]+), 202 (78%, [C ACHTUNGTRENNUNG(Me2pz)2]


+), 321 (20%, [M�Cl]+); elemen-
tal analysis calcd (%) for C16H21ClMgN6: C 53.8, H 5.9, N 23.4, Cl 9.6;
found: C 53.8, H 5.9, N 23.5, Cl 9.9.


Dioxane (ca. 1 mL) was added to the combined filtrates and washings
and the mixture stirred at room temperature for 3 h, whereupon a precip-
itate formed. The mixture was filtered and volatile substances were re-
moved under reduced pressure from the filtrate. The resulting solid was
dried in vacuo to give 5 as an analytically pure white powder. Yield:
0.21 g (18%).


Synthesis of [Mg ACHTUNGTRENNUNG(MeTpmd)Br] (3): A solution of MeMgBr in diethyl
ether (3.0m, 0.52 mL, 1.57 mmol) was added to a solution of HCACHTUNGTRENNUNG(Me2pz)3


(0.47 g, 1.57 mmol) in benzene (15 mL). The mixture was stirred at room
temperature for 30 min then filtered. The solid residue was washed with
benzene (2U10 mL) then dried in vacuo to give a white solid. Yield:
0.30 g (47%). IR (NaCl plates, Nujol mull): ñ =3058 (m), 1569 (s), 1555
(s), 1306 (s), 1213 (w), 1174 (w), 1099 (m), 1038 (s), 982 (m), 906 (m),
870 (s), 859 (s), 802 (s), 780 (m), 729 (m), 709 (s), 633 cm�1 (w); EI-MS:
m/z : 321 (20%, [M�Br]+); EI-HRMS found (calcd for [M�Br]+ ,
C16H21MgN6): 321.1686 (321.1678); elemental analysis calculated (%) for
C16H21BrMgN6: C 47.9, H 5.3, N 20.9, Br 19.7; found: C 47.9, H 5.3, N
20.9, Br 19.9.


Synthesis of [Mg{HC ACHTUNGTRENNUNG(Me2pz)3}Cl2 ACHTUNGTRENNUNG(thf)] (4): A solution of HCl in diethyl
ether (1.0m, 0.59 mL, 0.59 mmol) was added to a suspension of [Mg-
ACHTUNGTRENNUNG(MeTpmd)Cl] (2) in THF (0.21 g, 0.59 mmol), whereupon the appearance
of the suspension immediately changed. The mixture was stirred at room
temperature for 2 h then filtered to give an off-white solid, which was
dried in vacuo. Yield: 0.08 g (29%). Diffraction-quality crystals were
grown by contacting the solid with THF/hexane (1/1) at 4 8C. IR (NaCl
plates, Nujol mull): ñ=3133 (m), 3098 (m), 1567 (s), 1419 (s), 1391 (s),
1307 (s), 1165 (w), 1109 (m), 1044 (s), 987 (m), 904 (s), 860 (s), 837 (m),
708 (s), 633 cm�1 (m); elemental analysis calcd (%) for C20H30Cl2MgN6O:
C 51.5, H 6.5, N 18.2, Cl 15.2; found: C 51.6, H 6.5, N 18.1, Cl 15.2.


Synthesis of [Mg ACHTUNGTRENNUNG(MeTpmd)2] (5): A solution of nBu2Mg in heptane (1m,
2.00 mL, 2.00 mmol) was slowly added to a suspension of HC ACHTUNGTRENNUNG(Me2pz)3


(1.192 g, 4.00 mmol) in diethyl ether (30 mL). The mixture was stirred for
24 h at room temperature, over which time it became a yellow suspen-
sion. The remaining pale yellow solid was collected by filtration, washed
with diethyl ether (2U15 mL) and dried in vacuo. Crystalline 5 can be ob-
tained by recrystallisation from hot toluene. Yield: 760 mg (61%). M.p.
150 8C (decomp). 1H NMR (C6D6): d =1.69 (s, 9H, CH3 (3)), 2.52 (s, 9H,
CH3 (5)), 5.62 ppm (s, 3H, CHpz (4)); 13C{1H} NMR (C6D6): d 13.5 (s,
CH3 (5)), 13.7 (s, CH3, (3)), 73.7 (s, Canionic), 103.8 (s, CHpz), 146.1 (s, Cpz),
148.6 ppm (s, Cpz); IR (KBr): ñ=2923 (m), 1551 (s) (n(pyrazole ring),


1451 (s), 1421 (s), 1397 (s), 1364 (m), 1307 (w), 1216 (m), 1106 (m), 1024
(s), 978 (w), 875 (m), 785 (s), 730 (m), 661 (w), 496 (m), 475 cm�1 (m);
EI-MS: m/z : 321 (100%, [M�C ACHTUNGTRENNUNG(Me2pz)3]


+), 428 (5%, [M�2Me2pz]+),
523 (5%, [M�Me2pz]+), 618 (10%, [M]+); elemental analysis calcd (%)
for C32N12H42Mg: C 61.9, H 6.8, N 27.2, Cl 0.0; found: C 62.1, H 6.8, N
27.1, Cl 0.0.


Synthesis of [Mg ACHTUNGTRENNUNG(MeTpmd)PhACHTUNGTRENNUNG(thf)] (6): A solution of Ph2Mg in toluene
(14 mL, 1m) was cooled to �40 8C, and a solution of HC ACHTUNGTRENNUNG(Me2pz)3


(500 mg, 1.67 mmol) in THF (20 mL) was added slowly via a dropping
funnel over 30 min. After warming to room temperature the reaction
mixture was stirred for 24 h. The resulting yellow solution was concen-
trated in vacuo and cooled to �30 8C. Considerable amounts of the by-
product 5 can be crystallised by repeated cooling/concentration of the
mother liquors from toluene. Crystalline 6 containing impurities of
Ph2Mg can be obtained in the fifth crop from toluene. Due to the impuri-
ties no correct elemental analysis could be obtained. Only NMR spectro-
scopic data are given here. 1H NMR (C6D6): d=2.06 (s, 9H, CH3), 2.37
(s, 9H, CH3), 5.42 ppm (s, 3H, CHpz);


13C{1H} NMR (C6D6): d=13.2 (s,
CH3), 14.4 (s, CH3), 73.3 (s, Canionic), 104.2 (s, CHpz), 147.6 (s, Cpz),
149.2 ppm (s, Cpz). The 1H and 13C NMR resonances of the Ph group
could not be assigned due to overlap with those of Ph2Mg.


Synthesis of [Mg{HC ACHTUNGTRENNUNG(Me2pz)3}2] ACHTUNGTRENNUNG(OTf)2 (7): A solution of CF3SO3H
(0.11 mL, 1.3 mmol) in n-pentane (20 mL) was added dropwise to a sus-
pension of [Mg ACHTUNGTRENNUNG(MeTpmd)2] (5) (400 mg, 0.65 mmol) in cold (�96 8C)
n-pentane (20 mL). The reaction mixture was stirred at room tempera-
ture for three days. The resulting light brown precipitate was collected by
filtration and dried in vacuo to afford 6. Yield: 380 mg (64%). M.p.
>210 8C. 1H NMR ([D6]acetone): d =1.75 (s, 9H, CH3 (3)), 2.87 (s, 9H,
CH3 (5)), 6.32 (s, 3H, CHpz (4)), 8.46 ppm (s, 1H, CH); 13C{1H} NMR
([D6]acetone): d=12.1 (s, CH3 (5)), 13.2 (s, CH3 (3)), 69.8 (s, CH), 109.6
(s, CHpz), 145.5 (s, Cpz (5)), 155.2 ppm (s, Cpz (3)); 19F NMR
([D6]acetone): d =�78.8 ppm; IR (KBr): ñ=1566 (w) (n(pyrazole ring)),
1421 (w), 1255 (s), 1154 (m), 1031 (s), 858 (m), 707 (m), 637 (s), 517 (m),
483 cm�1 (m). Elemental analysis calcd (%) for C37H50F6MgN12O7S2


(7·Me2CO): C 45.3, H 5.0, N 16.9; found: C 45.5, H 5.2, N 17.2.


Synthesis of [Zn ACHTUNGTRENNUNG(MeTpmd)Me] (8): A solution of ZnMe2 in toluene
(2.0m, 0.94 mL, 1.88 mmol) was added to a solution of HCACHTUNGTRENNUNG(Me2pz)3


(0.28 g, 0.94 mmol) in benzene (15 mL). The mixture was heated to 40 8C
for 6 days. The volatile meterials were removed under reduced pressure
to leave an analytically pure white solid, which was dried in vacuo. Yield:
0.16 g (45%). 1H NMR (C6D6, 293 K): d=5.42 (s, 3H, CHpz), 2.37 (s, 9H,
CH3), 2.09 (s, 9H, CH3), 0.24 ppm (s, 3H, ZnMe); 13C NMR (C6D6,
293 K): d=147.4 (Cpz), 145.5 (Cpz), 103.0 (CHpz), 72.6 (Canionic), 13.2
(CH3), 12.2 (CH3), �16.8 ppm (q, 1JCH =118 Hz, ZnMe); IR (NaCl plates,
Nujol mull): ñ =1556 (m), 1409 (m), 1205 (w), 1197 (m), 1169 (w), 1109
(m), 1050 (s), 864 (m), 791 (s), 728 (m), 695 (w), 665 (m), 656 cm�1 (m);
EI-MS m/z : 361 (95%, [M�Me]+), 376 (10%, [M]+); elemental analysis
calcd (%) for C17H24N6Zn: C 53.9, H 6.5, N 22.1; found: C 54.0, H 6.4, N
22.2.
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Spectroelectrochemical and Computational Studies on the Mechanism of
Hypoxia Selectivity of Copper ACHTUNGTRENNUNGRadiopharmaceuticals


Jason P. Holland,*[a] Peter J. Barnard,[a] David Collison,[b] Jonathan R. Dilworth,*[a]


Ruth Edge,[b] Jennifer C. Green,*[a] and Eric J. L. McInnes[b]


Introduction


Oxygen is of fundamental importance for all tissues, which
includes solid tumours.[1] All aspects of the cellular growth
cycle, from the pathways and reaction rates of metabolism
to cell mitosis and apoptosis, are influenced by the amount
of oxygen present within the tissue. As a consequence,
tissue oxygen tension in vivo is highly regulated and the
mechanisms that operate to maintain an adequate supply of
oxygen to the required areas involve proteins expressed by
over 200 genes.[2]


Reduced oxygenation of tissue, also known as hypoxia, is
a common feature of several diseases, such as stroke, heart
disease and certain types of cancer.[3–5] For a patient suffer-
ing from cancer there are three primary courses of treat-
ment available to the clinician: surgery, radiation therapy or
chemotherapy. However, since the pioneering work of Gray
et al. in 1953,[6] it has been known that hypoxia confers re-
sistance to both ionising radiation and chemotherapy, which


Abstract: Detailed chemical, spectro-
ACHTUNGTRENNUNGelectrochemical and computational
studies have been used to investigate
the mechanism of hypoxia selectivity of
a range of copper radiopharmaceuti-
cals. A revised mechanism involving a
delicate balance between cellular
uptake, intracellular reduction, reoxi-
dation, protonation and ligand dissocia-
tion is proposed. This mechanism ac-
counts for observed differences in the
reported cellular uptake and washout
of related copper bis(thiosemicarbazo-
nato) complexes. Three copper and
zinc complexes have been character-
ised by X-ray crystallography and the
redox chemistry of a series of copper
complexes has been investigated by
using electronic absorption and EPR


spectroelectrochemistry. Time-depen-
dent density functional theory (TD-
DFT) calculations have also been used
to probe the electronic structures of in-
termediate species and assign the elec-
tronic absorption spectra. DFT calcula-
tions also show that one-electron oxi-
dation is ligand-based, leading to the
formation of cationic triplet species. In
the absence of protons, metal-centred
one-electron reduction gives the re-
duced anionic copper(I) species,
[CuIATSM]� , and for the first time it is


shown that molecular oxygen can reox-
idise this anion to give the neutral, lip-
ophilic parent complexes, which can
wash out of cells. The electrochemistry
is pH dependent and in the presence of
stronger acids both chemical and elec-
trochemical reduction leads to quanti-
tative and rapid dissociation of cop-
per(I) ions from the mono- or diproto-
nated complexes, [CuIATSMH] and
[CuIATSMH2]


+ . In addition, a range of
protonated intermediate species have
been identified at lower acid concen-
trations. The one-electron reduction
potential, rate of reoxidation of the
copper(I) anionic species and ease of
protonation are dependent on the
structure of the ligand, which also gov-
erns their observed behaviour in vivo.
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reduces the efficacy of these forms of treatment and with it
the prognosis for patient survival.[3,7] Early identification of
the location and extent of hypoxia is potentially important
for effective clinical management of these and other
diseases.[4]


Molecular imaging techniques, such as positron emission
tomography (PET) and single photon emission computer-
ised tomography (SPECT), and the importance of develop-
ing imaging agents capable of delineating hypoxia have
been reviewed extensively.[8–13] Normal tissue shows a typical
Gaussian distribution of oxygen tensions with values of pO2


ranging from 20 to 80 mmHg, with a median value around
50 mmHg, and none less than 10 mmHg.[14] Tumours exhibit
much lower levels of oxygenation and a median value of
pO2 around 10 mmHg has been identified by Brizel et al. as
the point at which resistance to ionising radiation and che-
motherapy starts to develop.[15] Full resistance occurs in
tissue in which pO2 is <0.5 mmHg, and crucially, tumour
oxygenation was found to correlate with the probability of
disease-free patient survival after a standard course of radio-
therapy.[3]


The development of PET imaging agents as non-invasive,
hypoxia-selective markers has recently been the subject of
intense research.[12,13,16,17] The chemical diversity of inorganic
and organometallic compounds means that an ever increas-
ing number of potential radiopharmaceuticals are being de-
veloped around metallic elements such as copper, gallium
and technetium.[18] Biodistribution studies on several prom-
ising hypoxia-selective compounds have also been reported.
These compounds include the 2-nitroimidazoles, pimonida-
zole, 18F-labelled 2-(2-nitro-1H-imidazol-1-yl)-N-(2,2,3,3,3-
pentafluoropropyl)acetamide ([18F]-EF5)[19] and [18F]-fluoro-
misonidazole ([18F]-FMISO),[20] cytotoxin tirapazamine
(TZP),[21,22] and the technetium complex of the ligand HL91
(99mTc-HL91, HL91=2,2’-(1,4-diaminobutane)bis(2-methyl-
3-butanone)dioxime)[23] used as a SPECT imaging agent. In
addition, a versatile class of complexes for potential use as
both imaging and radiotherapeutic agents known as cop-
per(II)–bis(thiosemicarbazonato) complexes have been
developed.[24]


In 1997, Fujibayashi et al. first observed hypoxia-selective
tissue uptake of the copper(II) complex of the
diacetyl bis(4-N-methyl-3-thiosemicarbazonato) ligand,
[62CuIIATSM], in ex vivo ischemic, perfused, isolated rat
heart models.[25] Following successful preclinical trials, the
copper-64 complex [64CuIIATSM] has been approved for use
in multi-centre clinical trials by the United States Federal
Drug Administration (US-FDA) as an “Investigational New
Drug” (IND 62,675) for imaging patients with cervical
cancer.[26] [CuIIATSM] (1) has emerged as the leading
copper-based radiopharmaceutical targeting tumour hypo-
xia, and further human trials to image tumour hypoxia are
currently underway in the US and Europe.[27–34] In addition,
Obata et al. have also demonstrated the potential for
[64CuIIATSM] to be used as a radiotherapeutic agent.[35]


Despite numerous articles describing in vivo characterisa-
tion, PET imaging and structure–activity relationship (SAR)


studies on various copper(II)–bis(thiosemicarbazonato)
complexes, the mechanism of cellular uptake, localisation
and trapping within normoxic and hypoxic tissue remain un-
certain.[25,36–40] Each process is likely to be dependent on sev-
eral factors, which include the nature of the copper(II) com-
plex, tissue phenotype and local tissue oxygen tension. Two
main theories on the mechanism of hypoxia-selective reten-
tion have been proposed, both of which involve metal-cen-
tred one-electron reduction to give a copper(I) species. The
first mechanism reported by Fujibayashi et al.[25] and Obata
et al.[38] suggests that 1 is reduced enzymatically and trapped
only within hypoxic tumour cells. The second mechanism
proposed by Dearling et al.[36, 37] is based on in vitro cellular
accumulation and washout studies. Their results suggest that
cellular uptake and intracellular reduction of 1 may occur
within both normoxic and hypoxic tissue to give an unstable
copper(I) species. This copper(I) species then becomes trap-
ped intracellularly by virtue of its negative charge, which
prevents cell washout by diffusion through the lipophilic cell
membrane. The reversibility of cellular uptake and trapping
is dependent on both the oxygen concentration and the rela-
tive stability of the copper(I) species, which may undergo
rapid protonation, acid-catalysed dissociation, dimerisation
or oxidation.


The work presented in this article describes extensive
electrochemical, spectroscopic and computational studies on
the one-electron reduction and oxidation processes for a
range of copper(II)–bis(thiosemicarbazonato) complexes.
Cyclic voltammetry, combined with deconvolution analysis
and digital simulations have been used to study the redox
chemistry of these complexes. Electronic absorption (UV/
Vis) and EPR spectroelectrochemistry (SEC) experiments
have been conducted to provide further information on the
nature of the reduced copper(I) species. Density functional
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theory (DFT) and time-dependent density functional theory
(TD-DFT) calculations have been performed to probe the
electronic structure of the species involved and to under-
stand the origins of the electronic transitions observed in
the electronic absorption spectra. In addition, the X-ray
crystal structures of three complexes are reported and the
effect of acid on the electrochemistry and SEC for each cop-
per(II) complex has been investigated. In combination with
previously reported experimental and computational stud-
ies,[25, 36–40] the results presented herein provide strong experi-
mental support for the revised mechanism of hypoxia selec-
tivity of copper(II)–bis(thiosemicarbazonato) complexes.


Results and Discussion


Synthesis and X-ray crystal structures : Structures of the cop-
per(II) complexes described are shown in Scheme 1.[41] Com-
plexes 1–6 and their corresponding proligands were synthes-


ised in high yields in accordance with previously reported
procedures.[42–45] X-ray crystal structures for 1 to 6 have also
been reported.[46] All complexes have been characterised by
elemental analysis, high-resolution mass spectrometry, re-
verse-phase gradient HPLC, UV/Vis spectroscopy, X-band
EPR spectroscopy, cyclic voltammetry and DFT calcula-
tions.[40]


Complexes 7–9 were prepared in accordance with the pro-
cedures described by Gannon et al.[47] and the X-ray crystal
structure of complex 7 is shown in Figure 1. Crystallographic
data for all of the structures solved are given in Table 1 and
selected experimental and DFT calculated geometric param-
eters for complexes 7–9 are given in Table 2.


Interestingly, black copper(II) complexes 7 and 8 and col-
ourless zinc(II) complex 9, exist as stereoisomers with the


metal atom and the central sulfur atom (S3 in complexes 7
and 9) or carbon atom (C11 in complex 8) of the ligand
backbone lying in the chiral C2-axis of rotation (see the Sup-
porting Information).[49] Complexes 1–6 have a square-
planar copper(II) coordination geometry, whereas the metal


Figure 1. ORTEP[48] representation of the X-ray crystal structures of 7.
Thermal ellipsoids are shown at 50% probability and geometrically posi-
tioned hydrogen atoms have been omitted for clarity. The X-ray struc-
tures of complexes 8 and 9 are very similar and are presented in the Sup-
porting Information.


Table 1. Crystallographic data for the copper(II) complexes 7 and 8 and
zinc(II) complex 9 (CCDC structures 682479–682481).


7 8 9


formula C10H18N6S3Cu C11H20N6S2Cu C10H18N6S3Zn
Mr 382.04 366.01 383.87
T [K] 150 150 180
l [M] 0.71073 0.71073 0.71073
crystal system orthorhombic monoclinic triclinic
space group P212121 C2/c P̄1
a [M] 9.20520(10) 11.4427(2) 7.6720(2)
b [M] 9.88260(10) 12.6442(3) 7.8933(2)
c [M] 17.3326(2) 11.9986(2) 13.6261(4)
a [8] 90 90 83.0669(13)
b [8] 90 112.0859(12) 83.0139(13)
g [8] 90 90 74.4332(12)
V [M3] 1576.77(3) 1608.62(6) 785.64(4)
Z 4 4 2
1calcd [gcm


�3] 1.609 1.503 1.623
m [mm�1] 1.781 1.616 1.960
F ACHTUNGTRENNUNG(000) 788 756 396
size [mm] 0.08N0.20N0.30 0.08N0.09N0.19 0.05N0.20N0.50
crystal description black plate black plate colourless plate
q range [8] 5.0�q�27.0 5.0�q�27.0 5.0�q�27
index ranges �11�h�11 �14�h�13 �9�h�9


0�k�12 0�k�16 0�k�10
0� l�22 0� l�15 0� l�17


reflns measured 22010 7889 12055
reflns unique 3566 1827 3513
Rint 0.035 0.030 0.048
reflns obsd
(I>2s(I))


3332 1449 4761


transmission coeffi-
cients (min/max)


0.78/0.87 0.82/0.88 0.67/0.91


parameters refined 182 94 181
R or R1 (obsd
reflns)


R=0.0237 R=0.0316 R=0.0362


wR or R2 (all data) wR=0.0481 wR=0.0766 wR=0.0769
GOF 0.953 0.9068 0.901
residual electron
(min/max) [eM3]


�0.63/0.36 �0.81/0.33 �0.59/0.48


Scheme 1. Structures of the copper(II)–bis(thiosemicarbazonato) com-
plexes investigated. For complexes 1–6, the R1 and R2 groups are collo-
quially referred to as the backbone substituents and the R3 and R4


groups are bonded to the terminal nitrogen atoms. ATSM=diacetyl
bis(4-N-methyl-3-thiosemicarbazonato)copper(II), PTSM=pyruvalde-
hyde bis(4-N-methyl-3-thiosemicarbazonato)copper(II), PTS=pyruvalde-
hyde bis(3-thiosemicarbazonato)copper(II), GTS=glyoxyl bis(3-thiose-
micarbazonato)copper(II), PTSE=pyruvaldehyde bis(4-N-ethyl-3-thiose-
micarbazonato)copper(II), DTSM=hexane-3,4-dione bis(4-N-methyl-3-
thiosemicarbazonato)copper(II).
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ions in complexes 7–9 have a distorted pseudo-tetrahedral
structure with dihedral angles defined by the two planes of
the thiosemicarbazonato groups of 49.5 and 49.08, respec-
tively. The distorted tetrahedral geometry of 7 and 8 is a
result of the steric requirements of the longer 1,5-bis(thiose-
micarbazonato) ligands (L1 and L2). This change in geome-
try has important consequences on the electronic structures
of 7 and 8, which is evident in the electrochemistry and UV/
Vis and EPR spectroscopies (see below).


The X-ray crystal structure of the D enantiomer of
zinc(II) complex 9 is more highly distorted towards tetrahe-
dral geometry than the analogous copper(II) complex 7.
The dihedral angle defined by best planes of the two thio-
ACHTUNGTRENNUNGsemicarbazonato groups opens to �105.38. Most zinc(II)–
bis ACHTUNGTRENNUNG(thiosemicarbazonato) complexes, such as the zinc(II) an-
alogue of complex 1, [Zn(II)ATSM], are bright yellow in so-
lution and weakly fluorescent with an electronic absorption
band at around 430 nm, and peak emissions between 520
and 580 nm.[41] This emission has allowed cellular uptake
and intracellular localisation to be investigated by confocal
and epifluorescent microscopy.[41,50] In contrast, complex 9 is
colourless and non-fluorescent. The different electronic ab-
sorption and emission properties of 9 are a result of the
steric requirements of the ligand and the preferred tetrahe-
dral coordination geometry of the zinc(II) ion, which causes
a loss of pp-orbital conjugation.


DFT optimised geometries of complexes 1–9 are in excel-
lent agreement with the experimentally determined struc-
tures (Table 2).[46] Weighted root-mean-square deviations


(RMSD) calculated for all non-
hydrogen atoms, between the
X-ray crystal structures and the
DFT optimised gas-phase geo-
metries are typically <0.22 M.


Electrochemistry : The electro-
chemistry of copper(II)–bis-
ACHTUNGTRENNUNG(thiosemicarbazonato) com-
plexes 1–6, has been reported
previously.[36, 37] However, the
most detailed of these studies
only compared the half-wave
potentials (E1=2


) for the reduc-
tion and oxidation of the cop-
per(II) species in anhydrous,
deoxygenated DMSO.[36,37] The
effect of water, pH and dis-
solved oxygen (all crucial com-
ponents of the intracellular en-
vironment) on the electrochem-
istry have not been investigat-
ed. Consequently, the lack of
detailed knowledge on the
nature and fate of the reduced
copper(I) species has lead to
rather speculative proposals on
the mechanism of hypoxia se-


lectivity for complexes such as 1.[25, 36–39]


Experimental parameters derived from the cyclic voltam-
mograms (CVs) of copper(II) complexes 1–8 are presented
in Table 3. Half-wave potentials (E1=2


ACHTUNGTRENNUNG(SCE)) peak separation
(DEp) and the ratio of peak currents (j ipa j / j ipc j ) for one-
electron reduction and oxidation processes are given. All
potentials are reported relative to the saturated calomel ref-
erence electrode (SCE) and have been corrected by using
the one-electron oxidation of ferrocene (Fc/Fc+) as an inter-
nal reference. The full potential sweep width CV (current
versus potential curve) of a 5.0N10�3 moldm�3 solution of
complex 1, for three complete cycles at 100 mVs�1, is shown
in Figure 2a. CVs have also been analysed by convolution
potential sweep voltammetry (CPSV)[51] and the semi-inte-
gral[52] (Figure 2b) and semi-derivative[53,54] (Figure 2c) of the
experimental current versus potential curve for 1 are also
shown.


Figure 2a is representative of the CVs observed for all of
the copper(II)–bis(thiosemicarbazonato) complexes studied.
Complex 1 exhibits two quasi-reversible redox processes la-
belled A/B and C/D, with E1=2


values of +0.734 and
�0.646 V, respectively. The quasi-reversibility of redox cou-
ples A/B and C/D is most evident in the peak shapes of the
semi-integral shown in Figure 2b. Stirred voltammetry ex-
periments confirmed that redox couples A/B and C/D corre-
spond to the oxidation and reduction processes, respectively.
The E/F redox couple is discussed in the Acid Titrations sec-
tion below. Extensive SAR studies found that hypoxia selec-
tivity strongly correlates with both the half-wave potential


Table 2. Selected experimental (X-ray) and calculated (DFT) geometric parameters for complexes 7–9. X-ray
crystal structure values with estimated standard deviations (esd values) are presented first followed by the cal-
culated values from DFT geometry optimisations.[a]


7 8 9
exptl (esd) calcd exptl (esd) calcd exptl (esd) calcd


r ACHTUNGTRENNUNG(C1�N1) 1.302(3) 1.316 1.304(3) 1.314 1.319(3) 1.321
r ACHTUNGTRENNUNG(N1�N2) 1.404(2) 1.377 1.402(3) 1.380 1.395(3) 1.374
r ACHTUNGTRENNUNG(N2�C2) 1.297(3) 1.303 1.292(3) 1.300 1.287(3) 1.300
r ACHTUNGTRENNUNG(C1�N5)[b] 1.357(3) 1.359 1.356(3) 1.360 1.345(3) 1.358
r ACHTUNGTRENNUNG(C1�S1) 1.751(2) 1.761 1.754(3) 1.761 1.756(2) 1.768
r ACHTUNGTRENNUNG(M�S1) 2.2399(6) 2.269 2.2223(7)[c] 2.273 2.2721(7) 2.316
r ACHTUNGTRENNUNG(M�S2) 2.2202(6) 2.269 2.2223(7)[c] 2.273 2.3162(7) 2.316
r ACHTUNGTRENNUNG(M�N2) 2.0192(18) 2.089 2.030(2)[c] 2.090 2.054(2) 2.106
r ACHTUNGTRENNUNG(M�N3) 2.0270(18) 2.089 2.030(2)[c] 2.090 2.028(2) 2.106
r ACHTUNGTRENNUNG(M···S3) 4.148 4.234 – – 4.089 4.209
r ACHTUNGTRENNUNG(M···C11) – – 3.878 3.941 – –


a ACHTUNGTRENNUNG(C1-N1-N2) 113.94(18) 115.2 113.8(2) 115.1 113.41(19) 115.3
a ACHTUNGTRENNUNG(S1-C1-N1) 126.10(17) 126.7 126.0(2) 126.7 127.71(19) 127.9
a ACHTUNGTRENNUNG(M-S1-C1) 94.82(7) 94.8 95.24(9) 94.9 90.64(9) 91.6
a ACHTUNGTRENNUNG(N2-M-S1) 85.95(5) 85.4 144.14(6)[c] 85.3 85.90(6) 85.3
a ACHTUNGTRENNUNG(N2-M-N3) 110.63(8) 111.5 112.60(12) 111.6 117.35(8) 113.5
a ACHTUNGTRENNUNG(N3-M-S2) 86.01(6) 85.4 144.14(6)[c] 85.3 84.82(6) 85.3
a ACHTUNGTRENNUNG(S1-M-S2) 94.81(2) 96.5 96.06(5) 95.5 127.19(3) 124.0


RMSD[d] 0.168 0.122 0.222


[a] Bond lengths and distances are given in M, and bond angles in degrees [8]. M refers to either Cu1 in com-
plexes 7 and 8 or Zn1 in complex 9. [b] Equivalent to r ACHTUNGTRENNUNG(C1-N3)/M for complex 8. [c] Related by two-fold rota-
tion. [d] Root-mean-square deviation (RMSD) in M, calculated using all non-hydrogen atoms between the X-
ray crystal structure and the DFT optimised gas phase geometry.
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of the reduction process and the alkyl substitution pattern
on the ligand backbone.[37]


Figure 3 shows the scan-rate dependence of the CV for
the one-electron reduction of complex 1 and the plot of
peak currents (ip) versus the square root of the scan rate
(u


1=2). The Randles–Sevcik equation has been used to calcu-
late the diffusion coefficients (D) of the copper(II) and the
corresponding reduced copper(I) species (Table 3).[55] The
effective electrochemically active area (A=0.02 cm2) of the
working electrodes was calculated from the reversible one-
electron oxidation of 5.0N10�3 moldm�3 ferrocene (DFc/Fc+ =


1.07N10�5 cm2s�1)[56] in anhydrous, deoxygenated DMF. For
the C/D reduction couple, the peak separation at 100 mVs�1


of DEp=95 mV, and the peak current ratio (j ipa j / j ipc j ) of
0.989 along with the calculated n values <1.0 are indicative
of a quasi-reversible electron-transfer process. In compari-
son, the A/B oxidation couple is more reversible at 295 K,
with DEp=75 mV, and j ipc j / j ipa j=0.945. At both platinum
and gold macrodisc electrodes, the peak separation increases
linearly with the square root of the scan rate (Figure 3b).
On successive cyclic voltammetry cycles performed within
the same experiment, the peak separation of the A/B couple
remains constant. However, for the C/D couple, the peaks
diverge slightly and both the cathodic and anodic peak cur-
rents decrease equally, which indicates a possible decrease
in concentration of the redox-active species present.


Deconvolution analysis of the CV of 1 further supports
the quasi-reversible assignment for the C/D reduction
couple (Figure 2c). The semi-derivative E1=2


value of
�0.645 V is in agreement with the value derived from the
normal CV and the cathodic and anodic half-peak widths
were found to be Wpc=118 mV and Wpa=106 mV, respec-
tively. The number of electrons transferred in the cathodic
and anodic sweeps were calculated to be nc=0.760 and na=


0.846 electrons, respectively, by plotting the semi-derivative
peak potentials (ep versus scan rate (u)) and by using the ex-
perimental diffusion coefficients (nc=0.884 and na=0.798
electrons).[53,54]


DigiSim3.03[57] was used to perform digital simulations of
the CVs for the one-electron reduction of 1 at the gold mac-


rodisc working electrode. The same electrochemical behav-
iour was observed with both the platinum and gold macro-
disc working electrodes. The experimental and simulated
CVs at 250 mVs�1 are shown in Figure 3c and further details
are given in the Supporting Information. The electron-trans-
fer process was modelled by using Equation (1):


Oþe�G
ks ,a


HR ð1Þ


Simulations were used to determine the transfer coeffi-
cient (a), which is a measure of the symmetry of the energy
barrier to electron transfer, the heterogeneous rate constant
(ks) and the diffusion coefficients of the oxidised (DO) and
reduced species (DR) with varying scan rates. At 100 mVs�1,
a is 0.58�0.07, which indicates that the transition state for
electron transfer lies slightly closer to the geometry of the
copper(II) species than the reduced copper(I) species.[55]


The heterogeneous rate constant (ks) is (0.0125�
0.0017) cms�1, which is of the correct order of magnitude
for a quasi-reversible electron-transfer process. The simulat-
ed anodic current is slightly larger than the experimental
value and potential origins of this feature are discussed
below. The simulated diffusion coefficients (DO) for 1 is
(4.91�0.07)N10�6 cm2s�1 and for the reduced copper(I) spe-
cies DR= (6.77�0.45)N10�6 cm2s�1; these values compare
favourably with the experimental values of DO=2.324N
10�6 cm2s�1 and DR=2.500N10�6 cm2s�1 (Table 3). The ex-
perimental and simulated diffusion coefficients are of the
correct order of magnitude. However, the absolute experi-
mental values are subject to errors derived from the use of
the Randles–Sevcik equation, which assumes that n=1.0
and that the redox process is electrochemically reversible.


DFT calculations : Recent DFT calculations of solution-
phase one-electron reduction potentials and absolute pKa


values for complexes 1–4 showed that reduction is metal-
centred, leading to the formation of closed-shell copper(I)
species with d10 electron configurations.[40] Ligand-based re-
duction to form a reduced triplet species was found to be
57.0 kJmol�1 less stable than the formation of the copper(I)
singlet for 1. Figure 4 shows the spatial distributions of the


Table 3. Cyclic voltammetry data for reduction of copper(II)–bis(thiosemicarbazonato) complexes recorded under a nitrogen atmosphere at 295 K, in an-
hydrous, deoxygenated DMF at 100 mVs�1 with a platinum macrodisc working electrode.


CuII/CuI Reduction[a] Oxidation[b]


DEp


[V][c]
j ipa j /
j ipc j [d]


E1=2 (SCE)
[V][e]


DO


[N10�6 cm2s�1]
DR


[N10�6 cm2s�1]
na nc Wpa


[V]
Wpc


[V]
DEp


[V][c]
j ipc j /
j ipa j [d]


E1=2 (SCE)
[V][e]


1 0.095 0.989 �0.646 2.324 2.500 0.869 0.807 0.106 0.118 0.075 0.945 0.734
2 0.098 0.852 �0.565 2.929 2.854 0.974 0.785 0.103 0.131 0.078 0.497 0.765
3 0.088 0.880 �0.557 2.436 1.825 0.825 0.911 0.112 0.119 0.070 0.870 0.755
4 0.110 0.927 �0.458 3.814 3.634 0.871 0.933 0.118 0.117 0.074 0.650 0.782
5 0.148 0.683 �0.580 1.809 2.020 0.727 0.894 0.123 0.135 0.084 0.378 0.749
6 0.085 0.774 �0.637 1.746 1.584 0.958 0.932 0.109 0.111 0.065 0.813 0.717
7 0.107 1.033 �0.338 3.036 2.296 0.890 0.801 0.101 0.096 0.114 0.392 0.789
8 0.071 0.935 �0.430 4.771 4.487 0.862 0.818 0.098 0.095 0.116 0.418 0.751


[a] Corresponding to the redox couple labelled C/D in Figure 2a and c. All potentials are quoted relative to SCE. [b] Redox couple A/B. [c] The differ-
ence in peak potentials is given by DEp=Epa�Epc. [d] Ratio of peak currents at 100 mVs�1 for the one-electron reduction couple, C/D. [e] The half-wave
potential is given by E1=2


= (Epa+Epc)/2. The n-values are derived from the peak-to-half-peak jEp�Ep/2 j separations in the CVs (see the Supporting Infor-
mation).
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lowest unoccupied molecular orbital (bLUMO) for the neu-
tral copper(II) species that accepts the electron on reduction
and becomes the highest occupied molecular orbital
(bHOMO) in the copper(I) anion. The coordination geome-


try changes from square-planar in the neutral copper(II)
species to pseudo-tetrahedral in the reduced copper(I)
anion. This structural twist is accompanied by a change in
the dihedral angle (dACHTUNGTRENNUNG(N=C�C=N)) of the diimine backbone,
which opens from 0.08 in all copper(II)–bis(thiosemicarbazo-
nato) complexes to �26.4 and �22.58 in DFT optimised


Figure 2. a) Full potential sweep width CV of a 5.0N10�3 moldm�3 solu-
tion of 1 recorded by using a platinum disc working electrode at
100 mVs�1 in anhydrous, deoxygenated DMF at 295 K. Three complete
cycles were recorded starting with positive sweep polarity at +0.036 V,
and switching directions at +1.035 V and �1.266 V. Convolution analysis
has been used to plot b) the semi-integral (I1 [mAs


1=2]) and c) the semi-de-
rivative (e=d


1=2i/dt
1=2 [mAs�


1=2]) of the cyclic voltammetry data. Redox pro-
cesses A–F in Figure 2a and c are discussed in the main text.


Figure 3. a) Scan-rate dependence of the CVs for the one-electron reduc-
tion of a 5.0N10�3 moldm�3 solution of 1 in anhydrous, deoxygenated
DMF at 295 K by using the platinum macrodisc working electrode. Scan
rate: 20 (A), 50 (B), 100 (C), 150 (D), 200 (E), 250 (F), 500 (G) and
800 mVs�1 (H). b) Plot of cathodic (a) and anodic (c) peak currents
versus the square root of the scan rate. c) Experimental (c) and digital
simulation (a) of the one-electron reduction of 1 at 250 mVs�1. a=


0.58�0.05, ks= (0.0148�0.0015) cms�1, DO= (4.92�0.06)N10�6 cm2 s�1


and DR= (6.68�0.41)N10�6 cm2 s�1.
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structures of copper(I) anions of complexes 1 and 2, respec-
tively.


The predicted change to a pseudo-tetrahedral coordina-
tion geometry on reduction to the copper(I) species is con-
sistent with the quasi-reversible behaviour observed in the
electrochemistry and the simulated value of the transfer co-
efficient (a). DFT calculations are also consistent with ex-
perimental results on the only copper(I)–bis(thiosemicarb-
ACHTUNGTRENNUNGazonato) species to have been isolated and characterised by
X-ray crystallography, the novel dicationic copper(I) helical
dimer 1d.[58] Each copper(I) ion has a tetrahedral coordina-
tion mode in which one nitrogen and one sulfur donor atom
is provided from each of the bis(thiosemicarbazone) ligands.
The optimised geometry of 1d (Figure 5) is in excellent


agreement with the X-ray crystal structure, with a weighted
RMSD calculated for all 34 non-hydrogen atoms of only
0.502 M. Isolation of this dimeric species suggests that intra-
cellular reduction to the copper(I) species is likely to be
complicated by protic equilibria, ligand dissociation and po-
tential dimerisation (see below).


The one-electron A/B oxidation couple of 1 and other
copper(II)–bis(thiosemicarbazonato) complexes has previ-


ously been assigned to the
CuIII/CuII redox process.[37]


However, the nature of the oxi-
dation is uncertain and it is pos-
sible that the electron is re-
moved from an orbital based
on either the copper(II) ion or
the ligand to give a cationic sin-
glet or triplet species, respec-
tively. DFT calculations indi-
cate that for complexes 1–4,
ligand-based oxidation to give
the cationic triplet species is


thermodynamically favoured over the formation of the
copper ACHTUNGTRENNUNG(III) ion.


In the gas phase the difference in calculated free energies
for electron attachment, DDEAG


0 (triplet–singlet) for the oxi-
dised cationic species 1+–4+ were found to be �12.8, �17.0,
�23.4 and �25.4 kJmol�1, respectively. This energy differ-
ence decreases as electron-donating methyl substituents are
placed on either the ligand backbone (R1 and R2) or termi-
nal nitrogen positions (R3 and R4). In both the singlet-1+


and triplet-1+ species, the coordination geometry of the
copper ion remains square-planar on oxidation. However, in
the singlet-1+ species, the metal–ligand bond lengths, r ACHTUNGTRENNUNG(Cu�
S) and rACHTUNGTRENNUNG(Cu�N), decrease by around 0.100 M, whereas in
the triplet-1+ species they remain within 0.010 M of the cal-
culated structure of 1. Formation of the triplet-1+ species in-
volves the removal of the electron from the copper(II)
bHOMO, which has ligand-based pp* character. In contrast,
formation of the singlet-1+ species involves removal of the
electron from the copper(II) aHOMO-1, metal-based, s*
antibonding orbital, which causes the decrease observed in
the calculated metal–ligand bond lengths. Figure 6 shows the
schematic MO diagram of the triplet-1+ species. Further
MO diagrams and DFT calculated redox potentials for com-
plexes 1–8 are presented in the Supporting Information.


An excellent correlation was found between the differ-
ence in one-electron oxidation and reduction half-wave po-
tentials (EA/B(ox)�EC/DACHTUNGTRENNUNG(red)) versus the wavenumber of the
lowest-energy electronic absorption band (ñ) for copper(II)
complexes 1–8 (R value=0.984). This indicates that the
nature of redox couples A/B and C/D is the same for each
copper(II) complex (see the Supporting Information).


Although oxidation of copper(II)–bis(thiosemicarbazona-
to) complexes is not thought to be involved in the mecha-
nism of hypoxia selectivity, complex 1 and other related lip-
ophilic complexes are known to accumulate in the liver,
where, for example, oxidation by P450 enzymes may provide
an important biochemical pathway for excretion.


UV/Vis SEC in deoxygenated DMF : The structure and
chemical stability of the copper(I) species formed on reduc-
tion of copper(II)–bis(thiosemicarbazonato) complexes in
anhydrous DMF have been investigated by in situ UV/Vis
and EPR SEC. For the UV/Vis SEC measurements, changes
in the electronic absorption spectra during both electro-


Figure 4. MO isosurfaces showing the spatial distribution of the neutral 1 bLUMO and the anionic
[CuIATSM]� bHOMO. On reduction, the coordination geometry changes from square-planar to pseudo-tetra-
hedral.


Figure 5. DFT optimised geometry of the copper(I) helical dimer 1d[58]


obtained by using uB3LYP/6-31++G ACHTUNGTRENNUNG(d,p) methodology (C1 symmetry
using 914 basis functions). The optimised geometry has pseudo-D2 sym-
metry. X-ray ACHTUNGTRENNUNG(esd)/DFT: r ACHTUNGTRENNUNG(Cu1�N1)=2.112(2)/2.198 M, r ACHTUNGTRENNUNG(Cu1�N3)=


2.111(2)/2.198 M, r ACHTUNGTRENNUNG(Cu1�S1)=2.2658(9)/2.318 M, r ACHTUNGTRENNUNG(Cu1�S2)=2.2729(9)/
2.318 M, r(Cu1···Cu2)=3.562/3.494 M, d(N1=C1�C2=N2)=51.2/50.58 (see
the Supporting Information).
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chemical reduction and oxidation of 1.0N10�3 moldm�3 solu-
tions of complexes 1–8 were monitored by using an optically
transparent thin-layer electrochemical (OTTLE) cell (path
length, l=0.46 mm).[59] Full details of the experimental con-
ditions and apparatus used are given in the Experimental
Section and the Supporting Information.


Figure 7a shows the changes observed in the electronic
absorption spectrum between 800 and 270 nm during the
electrochemical reduction of 1 at an applied potential (Eappl)
of �0.959 V in anhydrous, deoxygenated DMF. The initial
UV/Vis spectrum of 1 has been reported previously,[60] and
more recently, we have used TD-DFT calculations to assign
the experimental absorption bands.[41] Six well-defined iso-
sbestic points are observed at 565, 410, 382, 347, 327 and
288 nm, which demonstrates that electrochemical reduction
proceeds cleanly in deoxygenated DMF to give a single, re-
duced copper(I) species. The solution changes colour from
red to yellow as the peak absorbance at 478 nm (e=


7855 mol�1 dm3cm�1) decreases during electrochemical re-
duction. Two new weaker absorption bands appear at longer
wavelengths with peaks at 497 nm (e=1347 mol�1 dm3cm�1)
and 606 nm (e=1164 mol�1 dm3cm�1) and a shallow mini-
mum at 565 nm (e=1055 mol�1 dm3cm�1). The absorbance
increases in the region between 775 and 565 nm. At shorter
wavelengths, both the intense peak and shoulder at 314 and
355 nm, associated with metal-to-ligand charge-transfer and
ligand-based p–p* transitions, undergo a slight redshift and
a decrease in absorption intensity on reduction to
328 nm (e=19460 mol�1 dm3cm�1) and 382 nm (e=


6340 mol�1 dm3cm�1), respectively.
Figure 7b shows the change in the UV/Vis spectrum of


the reduced copper(I) species of 1 after electrochemical re-
duction. Again, six well-defined isosbestic points are ob-
served at the same wavelengths as those for the reduction


step and after 25–30 min, the
spectrum is indistinguishable
from that of the initial spectrum
of 1. The UV/Vis spectrum of
the reduced copper(I) species
of 1 is similar to that of the
pseudo-tetrahedral copper(II)
complex 7 (see the Supporting
Information). This data pro-
vides the first spectroscopic evi-
dence in support of the DFT
calculations that predict a
change from square-planar to
pseudo-tetrahedral coordina-
tion geometry on reduction of
complexes 1–6.[40]


Figure 8 shows the change in
peak absorbance at 478 nm
during four successive electro-
chemical reduction and reoxi-
dation cycles of 1. In deoxygen-
ated DMF, the peak absorbance
decreased immediately at the


start of the experiment (Figure 8 point A). After approxi-
mately 6.0 min, all of 1 within the optical window was quan-
titatively reduced to give a stable, pale yellow copper(I) spe-
cies.[39] The potentiostat was then switched to open circuit
(no potential) and an immediate increase in absorbance was
observed due to rapid oxidation of the copper(I) species by
residual molecular oxygen, O2ACHTUNGTRENNUNG(sol), diffusing into the
OTTLE cell (Figure 8 point B). After 40 min, the peak ab-
sorbance at 478 nm recovered to 99.5% of the initial value.
At points C, E and F, three further bulk electrochemical re-
duction cycles were performed at applied potentials of
�0.859, �0.759 and �0.709 V. Rapid electrochemical oxida-
tion of the reduced copper(I) species was achieved by using
an applied potential of +0.041 V (Figure 8point D). This ex-
periment demonstrates that electrochemical reduction of 1
is fully reversible on a bulk scale and in the absence of acid
or water gives a single, reduced copper(I) species, which is
stable with respect to ligand dissociation. Further evidence
of the bulk scale reversibility was provided by performing in
situ UV/Vis spectrovoltammetry (see the Supporting Infor-
mation).


For complexes 1–8 Nernstian plots of the applied poten-
tial (EapplACHTUNGTRENNUNG(SCE)) versus log([O]/[R]) for the one-electron re-
duction in anhydrous, deoxygenated DMF show a linear re-
lationship. For example, for complex 2, the standard reduc-
tion potential is Eo’ (SCE)=�0.566 V and the number of
electrons transferred is n=1.02, which are in excellent
agreement with the values determined from cyclic voltam-
metry (Table 3 and the Supporting Information).[59]


For the first time, the electronic structure of the reduced
copper(I) species has been characterised by electronic ab-
sorption spectroscopy and it has been demonstrated that
oxygen is capable of oxidising this species. Further experi-
ments showed that diffusion of 1 from the bulk solution into


Figure 6. Schematic MO diagram of the oxidised cationic triplet-1+ species.
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the optical window is much slower than the observed rate of
oxidation of the copper(I) species by dioxygen (see below
and the Supporting Information). Even though the solutions
were deoxygenated by a vigorous nitrogen purge and the ap-
paratus was sealed with a Teflon lid, a small amount of di-
oxygen, which is highly soluble in DMF, is likely to remain
present in solution. Reduction of dioxygen in aprotic, anhy-
drous solvents has been described previously.[61–64] In the ab-
sence of a source of protons, the superoxide radical anion is
formed by the quasi-reversible one-electron reduction of di-
oxygen. Maricle and Hodgson report a half-wave potential
of �0.80 V (versus SCE), recorded by using a dropping mer-
cury electrode (DME),[61] whereas Vasudevan and Wendt
report a half-wave potential of �0.780 V, with a cathodic


peak potential of �0.855 V, using cyclic voltammetry with a
glassy carbon electrode.[64]


In the present study, the onset of the cathodic wave for
the one-electron reduction of dioxygen at the platinum mac-
rodisc electrode was found to occur at approximately
�0.48 V versus SCE. In the presence of a proton source
(trace water or substrate), the mechanism of dioxygen re-
duction changes to a two-electron process, which occurs at
the same potential as the formation of the superoxide radi-
cal anion. The dismutation reaction of superoxide with
water or acid can lead to the formation of highly reactive
oxygen species, such as HO2C, H2O2, HO2


� and HO� [Eq. (2)
and (3)].[61] The reactions of each of these reactive oxygen
species with copper(II)–bis(thiosemicarbazonato) complexes
have not been investigated.


2O2
C�þH2O! HO2


�þO2þHO� ð2Þ


2HO2
C ! H2O2þO2 ð3Þ


½CuIL
�þO2
DrG


�ðsolÞ
����!½CuIIL
þO2


C� ð4Þ


The energetics of the reaction between the reduced cop-
per(I) anions of complexes 1–4, 7 and 8, and dioxygen to
give the corresponding neutral copper(II) complex and su-
peroxide [Eq. (4)] have been modelled by using DFT calcu-
lations. Calculations indicate that the spin-forbidden reac-
tion between triplet ground state oxygen and the singlet re-
duced copper(I) species is highly endothermic in the gas
phase. However, when solvation effects are incorporated by


Figure 7. a) Change in the experimental UV/Vis absorption spectrum of a
1.0N10�3 moldm�3 solution of 1 in anhydrous, deoxygenated DMF mea-
sured during electrochemical reduction at EapplACHTUNGTRENNUNG(SCE)=�0.959 V. Bulk
electrolysis was performed for 321 s until the final current was 6.00% of
the initial current passed at t=0 s. The arrows indicate the direction of
change in absorbance from the initial complex (1) to the reduced cop-
per(I) species formed. b) Change observed in the UV/Vis spectrum after
electrochemical reduction at open circuit. After 25 min the peak absorb-
ance at 478 nm returned to 97.6% of the initial absorbance of 1. Experi-
mental difference spectra are given in the Supporting Information. Ap-
proximately 1.5N10�7 mol of solute is reduced at the working electrode
during the UV/Vis SEC experiments.


Figure 8. Time-resolved change observed in the experimental UV/Vis
peak absorbance at 478 nm of a 1.0N10�3 moldm�3 solution of 1 in anhy-
drous, deoxygenated DMF on successive electrochemical reduction and
reoxidation cycles. A) Electrochemical reduction at �0.959 V for 376 s to
i=5.40% of the initial current. B) Immediate increase in absorbance be-
tween 510 and 2950 s due to reoxidation by residual molecular oxygen,
O2 ACHTUNGTRENNUNG(sol). The later points include a small contribution from diffusion of 1
from the bulk solution. C) The peak absorbance returned to 99.5% of
the initial value. Reduction at �0.859 V for 437 s to i=6.25%. D) Rapid
electrochemical reoxidation at +0.041 V for 230 s to i=2.00%. E) Re-
duction at �0.759 V for 757 s to i=7.00%. F) Reduction at �0.709 V for
1050 s to i=7.69%. G) Final absorbance change of �0.0206 at 7200 s,
which represents an overall recovery of 97.9% of the peak absorbance at
478 nm after 2 h, and four redox cycles.
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using either a water or DMF polarisable continuum model,
the reaction becomes spontaneous for all complexes with
the exception of complexes 4 and 7. Complexes with more
negative CuII/CuI reduction potentials, and therefore, a
more easily oxidised copper(I) anion, are predicted to react
spontaneously with dioxygen. For example, complex 1 has a
calculated reduction potential in DMF of �0.569 V, and a
reaction free energy (DrG


o (DMF)) of �22.8 kJmol�1. Fur-
ther details are presented in the Supporting Information.


UV/Vis SEC in aerated DMF : UV/Vis SEC reduction of
the copper(II)–bis(thiosemicarbazonato) complexes were
also performed in aerated DMF. Figure 9 shows the change


in the electronic absorption spectrum during electrochemical
reduction of 1 in the presence of atmospheric dioxygen. In
contrast with the results obtained in deoxygenated DMF
(Figure 7), no isosbestic points were observed, which indi-
cated that reduction in the presence of O2 ACHTUNGTRENNUNG(sol) is complicat-
ed by one or more solution-phase reactions that form inter-
mediate chromophores. In the deoxygenated solution, the
total charge transferred from the electrode to the solution
was 15.2 mC. However, in the aerated solution 41.1 mC was
transferred in the same period of time. The additional
charge transferred is assigned to the initial in situ reduction
of dioxygen and the formation of superoxide.


Figure 10 shows the change in peak absorbance at 478 nm
versus time for the reduction of 1 in deoxygenated and aer-
ated DMF, and the corresponding change observed during
electrochemical oxidation (for 1200 s at +1.041 V) to form
the triplet-1+ species in deoxygenated DMF. In contrast
with the immediate and rapid decrease in peak absorbance
observed for reduction in the absence of O2ACHTUNGTRENNUNG(sol), in the aer-
ated solution an induction period of approximately 45 s, in


which the absorbance decreased by less than 1.0%, was ob-
served. This induction period corresponds to the facile re-
duction of dioxygen at the platinum mesh electrode. After
45 s, the absorbance begins to decrease more rapidly, but
still at a slower rate than for reduction in deoxygenated so-
lution. A smaller overall change in absorbance is observed
in the presence of O2ACHTUNGTRENNUNG(sol) due to the absorbance of other
chromophores present in solution. Figure 10 also demon-
strates that in aerated solution, oxidation of the reduced
copper(I) species is more rapid than in deoxygenated DMF.
Interestingly, in six separate aerated experiments, the final
absorbance at 478 nm returned reproducibly to (61.1�
1.4)% of the initial absorbance. This difference is assigned
to the solution-phase reaction of 1 with the electrogenerated
superoxide. Copper(II)–bis(thiosemicarbazonato) complexes
have been shown to possess superoxide dismutase-type reac-
tivity.[65–67]


On the cyclic voltammetry timescale, one-electron oxida-
tion (A/B couple) is found to be almost reversible
(Figure 2). However, in the OTTLE cell in deoxygenated
DMF, bulk electrochemical oxidation of 1 is irreversible.
The absorbance at 478 nm is absent after electrochemical
oxidation and when the potentiostat is switched to open cir-
cuit, the absorbance increases linearly due to slow diffusion
of 1 from the bulk solution into the optical window. The
rate of background diffusion is constant in all experiments,
as shown by the equal gradients of the line for reduction
under aerated conditions and electrochemical oxidation at
times >25 min (Figure 10). This data provides further con-
firmation that dioxygen is able to rapidly oxidise the re-
duced copper(I) species.


TD-DFT calculations : The electronic absorption spectrum
of 1 has been simulated and assigned by using TD-DFT cal-
culations.[41] To understand the electronic structure of the re-
duced copper(I) species, TD-DFT calculations using Gaussi-


Figure 9. Change in the experimental UV/Vis spectrum of a 1.0N
10�3 moldm�3 solution of 1 in anhydrous, aerated DMF during electro-
chemical reduction at EapplACHTUNGTRENNUNG(SCE)=�0.959 V. Bulk electrolysis was per-
formed for 907 s until the final current was 19.70% of the initial current
passed at t=0 s. The arrows indicate the direction of change in absorb-
ance from the initial complex (1) to the final spectrum recorded during
reduction.


Figure 10. Change in the peak absorbance at 478 nm versus time for the
one-electron reduction of 1 in deoxygenated (c) and aerated (b)
DMF, and the one-electron electrochemical oxidation of 1 in deoxygenat-
ed DMF (a).
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an 03 were performed on the optimised geometry of the
copper(I) anionic complex, [CuIATSM]� .[68]


The simulated electronic absorption spectrum of
[CuIATSM]� , is in excellent agreement with the experimen-
tal UV/Vis spectrum of the reduced copper(I) species
(Figure 11 and the Supporting Information). The simulated


spectrum has been deconvoluted as the sum of Gaussian-
shaped bands with a global half-band width (D1=2


) of
2000 cm�1.[69] Band assignments and MO isosurfaces are
given in the Supporting Information. From the combined
evidence of the electrochemistry, UV/Vis SEC and TD-DFT
calculations, the reduced copper(I) species is assigned as the
anionic species [CuIATSM]� .


EPR SEC : Experimental EPR spectra of complexes 1–7
were recorded in anhydrous DMF at room temperature
(RT) and 100 K. Simulated EPR parameters are presented
in Table 4 and the Supporting Information.[60,70] Copper(II)–
bis(thiosemicarbazonato) complexes typically exhibit copper
hyperfine splitting of around 91.0 G, with nitrogen superhy-


perfine coupling constants around 16.0 G and line intensities
in a ratio of 1:2:3:2:1. The values derived for 1, are slightly
lower than those found by West et al.[70] and the low giso
value of 2.055, is indicative of the covalent nature of the
metal–ligand bonding in these copper(II) complexes.[71] RT
solution-phase spectra were simulated with EasySpin by
using the fast-motion regime.[72] In the RT simulations, only
coupling of the unpaired electron to a copper-63 nucleus
was considered. However, copper acetate used in the syn-
thesis was a mixture of copper-63 and copper-65 in natural
abundance (69.17 and 30.83%, respectively).[73] These two
isotopes have slightly different nuclear magnetic moments
of 2.22 and 2.38, respectively, which accounts for the minor
differences observed between the experimental and simulat-
ed EPR spectra (see the Supporting Information).


Simulations of the frozen solution spectra were performed
with copper-63 and copper-65 isotopes in natural abundance
by using Bruker Win-EPR SimFonia software (see the Sup-
porting Information).[74] In a plot of ACu(z) versus g(z), com-
plexes 1–6 were found to cluster in the same region, which
indicates that in solution these copper(II) complexes have
similar electronic and geometric structures.[75] In contrast,
complex 7 deviated from this region due to the lower ACu(z)
hyperfine coupling constants of 155 G, respectively. This de-
viation is assigned to the pseudo-tetrahedral geometry of 7
in solution.


Figure 12 shows the change in EPR signal intensity ob-
served during in situ electrochemical reduction of 1 in anhy-
drous, deoxygenated DMF. Previously, it was suggested that


reduction may be ligand-based, leading to the formation of
a triplet anionic species.[39,60, 76] No evidence of a ligand-
based triplet species was observed in the frozen solution
spectrum of 1 after electrochemical reduction. These EPR
SEC experiments confirm the results of previous calcula-


Figure 11. Overlay of the experimental UV/Vis spectrum (~) of the re-
duced copper(I) species of 1 with the simulated TD-DFT electronic ab-
sorption spectrum (*) of [CuIATSM]� . Band assignments and MOs are
presented in the Supporting Information.


Table 4. EPR parameters for the copper(II)–bis(thiosemicarbazonato)
complexes 1–7.


Solution phase[a] Frozen solution[b]


ACu [G] AN [G] giso ACu(z) [G] g(z)


1 91.0 16.0 2.055 194 2.11
2 92.0 16.0 2.058 192 2.1113
3 92.0 15.5 2.058 192 2.116
4 91.5 15.0 2.059 191 2.1185
5 92.0 16.0 2.058 180 2.132
6 92.0 16.0 2.057 192 2.112
7 70.0 9.0 2.065 155 2.135


[a] DMF at 290 K, 63Cu-only simulations performed using EasySpin.
[b] DMF glass at 100 K, simulations performed with 63Cu and 65Cu iso-
topes in natural abundance using SimFonia. Full EPR parameters are
given in the Supporting Information.


Figure 12. Change in the EPR spectrum of a 1.0N10�3 moldm�3 solution
of 1 in anhydrous, deoxygenated DMF during electrochemical reduction
at Eappl ACHTUNGTRENNUNG(SCE)=�1.259 V for 7200 s. A microwave frequency of
9.4493 GHz was used. The relative intensity of the EPR spectrum re-
turned to 93.4% of the initial spectrum 7200 s after electrochemical re-
duction, due to oxidation by O2 ACHTUNGTRENNUNG(sol) and diffusion of 1 into the cavity
from the bulk solution.
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tions that indicate one-electron reduction of copper(II)–bis-
ACHTUNGTRENNUNG(thiosemicarbazonato) complexes is metal-centred, which
leads to the formation of EPR silent, closed-shell copper(I)
d10 species.[40] They also provide further evidence on the
nature of the redox equilibrium between 1 and the reduced
copper(I) anion [CuIATSM]� .


Acid titrations : The microenvironment of tumours is known
to be more acidic than normal tissue phenotypes. Both ex-
tracellular tissue pH values (pHe), measured by using inva-
sive pH electrodes, and intracellular pH values (pHi), mea-
sured in vitro by using pH-sensitive fluorescent dyes, such as
the carboxyfluorescein dye, 2’,7’-bis(carboxyethyl)-5(6)-car-
boxyfluorescein (BCECF),[77,78] and in vivo by using
31P NMR spectroscopy,[79,80] have been show to decrease by
around 0.5–1.0 pH units in tumours. Upregulation of the p53
and p21 genes and the production of vascular endothelial
growth factor (VEGF), associated with angiogenesis, have
been linked to tumour acidosis and hypoxia. Low pH and
pO2 levels also increase tumour metastasis and confer resist-
ance to ionising radiation.[81–85] Therefore, the effect of
changing acid concentration and pH on the electrochemistry,
UV/Vis and EPR SEC of complexes 1–8 was investigated.


Several new peaks, labelled E/F and P1–P4 in Figure 13,
were observed in the CVs of 1 on titration with concentrat-
ed tetrafluoroboric acid HBF4 in anhydrous, deoxygenated


DMF at 295 K. The half-wave potential and peak currents
of the ligand-based one-electron A/B oxidation couple are
unaffected by the presence of strong acids. Therefore, the
A/B couple was used as an internal reference. The irreversi-


ble reduction processes (P1–P4) occur at potentials of
�0.191, �0.448, �0.597 and �1.007 V, respectively. These
four processes are associated with the solution phase rather
than surface-adsorbed species and display typical diffusion
controlled (Cottrell) behaviour.


Redox process P4 is assigned to the reduction of protons
to give H2(g). After prolonged reduction times (>1500 s) of
solutions of the copper(II) complexes acidified with concen-
trated HBF4 in the OTTLE cell, small bubbles of hydrogen
gas were evolved and trapped between the wires of the plat-
inum mini-grid. Process P3 is observed in the CVs of back-
ground experiments of concentrated HBF4 in anhydrous, de-
oxygenated DMF in the absence of copper(II) complexes,
and is assigned to an impurity (possibly hydrogen fluoride)
present in the concentrated HBF4 sample.


Redox process P1 is assigned to an irreversible one-elec-
tron reduction in which Wpc=144 mV, nc=1.05 and a=


0.52.[53] The species associated with P1 is present at low con-
centrations of concentrated HBF4 and appears after only
0.25 equivalents of acid are titrated into the solution. In con-
trast, process P2, which also corresponds to a one-electron
reduction, requires higher concentrations of strong acids
(>1.2 equiv of concentrated HBF4) before the peak devel-
ops.


In the presence of strong non-coordinating acids, it is
likely that protonated equilibria account for the species as-
sociated with processes P1 and P2. Both cathodic and anodic
peak currents of the C/D redox couple decrease with in-
creasing concentration of concentrated HBF4. However, the
half-wave potential remains constant at �0.646 V. If the re-
duction mechanism was a sequential electrochemical–chemi-
cal (EC) scheme, the peak currents of the C/D redox couple
would be expected to remain constant in the presence of
acid. Therefore, the data supports a pre-equilibrium be-
tween different protonated species, and the reduction mech-
anism in the presence of acid is assigned to a sequential
chemical–electrochemical (CrevErev) scheme.


Process P1 is assigned to the one-electron reduction of
[CuIIATSMH]+ . Although reduction of P1 is formally irre-
versible, a very small anodic wave is observed on the return
sweep that corresponds to oxidation of [CuIATSMH]. Pro-
cess P2 occurs at a more negative reduction potential than
P1 and is tentatively assigned to the one-electron reduction
of [CuIIATSMH2]


2+ . The appearance of P2 only at acid con-
centrations >1.2 equivalents supports this conclusion. How-
ever, it is also possible that diprotonation facilitates the for-
mation of loosely coordinated copper(II) dimeric species,
which may account for the shift to a more negative reduc-
tion potential.[60]


In the absence of acid, the E/F redox couple (Figures 2
and 13) is present with a half-wave potential value of
+0.319 V, but only gives rise to very low peak currents. On
addition of strong acids, the anodic current of peak F in-
creases, whereas the peak current of E remains constant.
The peak current of F remains low if the reduction process-
es P1, P2 and C/D are excluded from the cyclic voltammetry
sweep width (see the Supporting Information). If the sweep


Figure 13. Change in the semi-derivative of the CVs of a 1.0N
10�3 moldm�3 solution of 1 (c) recorded at 100 mVs�1 in anhydrous,
deoxygenated DMF on titration with concentrated HBF4. In the presence
of 1 (~) or 2 equiv (*) of concentrated HBF4, the new peaks P1–P4 are
observed. The peak current of the anodic wave F increases with increas-
ing HBF4 concentration.
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width is increased to include potentials more negative than
process P1, the peak current associated with F increases.
From the peak shape it can be concluded that oxidative pro-
cess F does not display typical diffusion controlled behav-
iour and is characteristic of a stripping voltammetry peak.[55]


In addition, the semi-derivative peak current (epa) of process
F continues to increase on successive cyclic voltammetry
cycles. The same process was also observed when a platinum
microdisc electrode was used.


Therefore, the electroactive species associated with F is
electrodeposited on the surface of the electrode at deposi-
tion potentials (Ed) of <�0.191 V. Electrodeposition was
confirmed by further cyclic voltammetry experiments (see
the Supporting Information). From a half-peak width value
of 94 mV, the number of electrons transferred and the trans-
fer coefficient were calculated to be na=1.98 and a=0.40.
Background CVs of the proligand of 1 (H2ATSM) with and
without concentrated HBF4 showed no Faradaic processes at
the potential of the E/F redox couple. These experiments
show that ligand dissociation is slow on the cyclic voltamme-
try timescale.


One-electron reduction of the solution-phase species asso-
ciated with processes P1, P2 and the C/D redox couple lead
to electrodeposition of a common copper(I) species on the
surface of the electrode. The invariance of the A/B redox
couple indicates that the deposited species is stripped from
the surface to give the neutral species 1 in solution. Based
on the calculated number of electrons transferred, the elec-
troactive species associated with peak F is assigned to the
two-electron oxidation of the dimeric copper(I) species 1d
(Figure 5).


When electrochemistry experiments were performed with
the weaker acetic acid, no change was observed in the CV
of 1. However, similar electrochemical behaviour to that de-
scribed for complex 1 in the presence of concentrated HBF4


was observed for complexes 2–4.[39] Previous DFT calcula-
tions of absolute pKa values indicate that the cationic, mo-
noprotonated species ([CuIILH]+) of 2–4 are less acidic than
[CuIIATSMH]+ .[40] Therefore, complexes 2–4 are likely to
protonate more readily and are reduced at less negative
potentials.


An overlay of the UV/Vis spectra of 1, H2ATSM, and the
changes observed before and after electrochemical reduc-
tion in deoxygenated DMF acidified with concentrated
HBF4 is shown in Figure 14. The addition of concentrated
HBF4 leads to a blueshift of around 14 nm in the metal-to-
ligand charge-transfer bands to 464 nm, and an overall de-
crease in absorbance above 300 nm.[41] This supports the
conclusion that in the presence of strong acids protic equili-
bria are established between 1 and the mono- and diproto-
nated cationic species.


Figure 15 shows the time-dependent change in absorbance
at 334 nm during the reduction of 1 in the presence of con-
centrated HBF4. An initial decrease in absorbance is ob-
served at the start of the electrochemical reduction at
�1.051 V (point A). At point B, the absorbance begins to in-
crease due to dissociation of the copper(I) ion from the pro-


tonated H2ATSM ligand. During the time between points B
and D, two isosbestic points are observed in the UV/Vis
spectrum at 371 and 297 nm. An overlay of the UV/Vis
spectrum of H2ATSM generated during electrochemical re-
duction in acidified DMF and one equivalent of the proli-
gand in DMF (Figure 14) reveals that on the SEC timescale,
quantitative reduction and ligand dissociation occurs
(Figure 15 point C). When the potentiostat is switched to
open circuit (point D), an immediate, and very rapid de-
crease in the absorbance at 334 nm occurs (point E). The
final spectrum, recorded at point F, does not correspond to
either the spectrum of 1 or the protonated copper(II) spe-
cies. It is likely that the copper(I) ion released into solution
(presumably as [Cu ACHTUNGTRENNUNG(DMF)4]


+) will be reoxidised at the
working electrode. The rapid loss of absorbance at point D
(Figure 15) may be due to subsequent solution-phase redox


Figure 14. Overlay of the UV/Vis spectra of 1 (~), the reduced copper
species [CuIATSM]� (^), the final spectrum of 1 recorded during electro-
chemical reduction of 1 in the presence of concentrated HBF4 (*), the
H2ATSM proligand (c) and H2ATSM obtained from the reduction of
1 (c).


Figure 15. Time-resolved change observed in the experimental UV/Vis
peak absorbance at 334 nm during the electrochemical reduction of a
1.0N10�3 moldm�3 solution of 1 in deoxygenated DMF acidified with
concentrated HBF4 during electrochemical reduction at Eappl ACHTUNGTRENNUNG(SCE)=


�1.051 V. Labels A–F are discussed in the main text.
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reactions occurring between H2ATSM and the CuII/CuI ions
in acidic solution.


Changes in the UV/Vis and EPR spectra of 1 upon titra-
tion with acidic solutions of HBF4, HClO4, acetic acid, HCl,
HBr and HI in DMF were measured (see the Supporting In-
formation). In the presence of small amounts of strong
acids, HBF4, HClO4 and HPF6, the UV/Vis spectrum of 1
changes to give the same spectrum as shown in Figure 14.
No change was observed on titration of 1 with acetic acid,
and interestingly, no change occurred when an excess of the
biologically ubiquitous reducing agent glutathione (GSH)
was added both separately and to the solution of 1 acidified
with concentrated HBF4.


[86,87] This indicates that GSH alone
is not able to reduce 1.


Addition of HCl and HBr leads to the formation of new
EPR-active species with an associated change in the UV/Vis
spectra (see the Supporting Information). Reaction of HCl
and HBr with 1 may lead to the formation of mono- and/or
diprotonated complexes with halide anions coordinated to
the copper(II) ion in the axial sites. On addition of concen-
trated HI, the EPR signal is lost and the UV/Vis spectrum
changes slowly over 10 min to give the spectrum of
H2ATSM. No change in either the UV/Vis or EPR spectra
of 1 are observed on addition of NaI. However, if concen-
trated HBF4 is then added to the solution of 1 with NaI, the
same result as that for the titration with concentrated HI is
observed.


These results demonstrate that iodide anions are not able
to reduce 1. However, in the presence of strong acids, iodide
anions are capable of reducing the mono- or diprotonated
copper(II) species [CuIIATSMH]+ and [CuIIATSMH2]


2+ .
Copper(I) iodide is soluble in DMF, and consequently, does
not precipitate from solution. Acetic acid is too weak to
protonate 1 in DMF and no change occurs in either the UV/
Vis or EPR spectra on titration.


Discussions on the mechanism of hypoxia selectivity : Over
recent years, several research groups have investigated the
reductive retention of 1 and two mechanisms of hypoxia se-
lectivity have emerged. The first mechanism was proposed
by Fujibayashi et al.[25] They suggested that 1 becomes irre-
versibly trapped upon intracellular reduction that only
occurs in hypoxic cells. Experiments showed that
[62CuIIATSM] accumulates in hypoxic myocardium through
a bioreductive retention mechanism involving nicotinimide
adenine dinucleotide (NADH) dependent mitochondrial en-
zymes of the electron-transport chain (ETC).[25,88] Subse-
quently, Obata et al.[38] showed that in subcellular fractions
of Erhlich ascites tumour cells, reduction of 1 is mediated by
enzymes located in the microsome/cytosol fraction, rather
than the mitochondria. Reduction of 1 was found to be heat
sensitive and was enhanced by the addition of both NADH
and nicotinimide adenine dinucleotide phosphate (NADPH)
to the medium. Neither NADH nor NADPH are capable of
reducing 1 alone. Specific reductase inhibitor studies also
showed that in comparison with control experiments, inhibi-
tion of the microsomal enzymes, NADH-dependent cyto-


chrome b5 reductase and NADPH-dependent cytochrome
P450 reductase, by phenylthiourea (PTU) and adenosine
monophosphate (AMP), respectively, caused a 25–50% de-
crease in the reduction of 1.


However, this first mechanism is inconsistent with cellular
uptake and washout studies, which led to the proposal of a
second mechanism by Dearling et al.[36,37] and Maurer
et al.[39] They suggested that reduction of 1 is reversible and
occurs in both hypoxic and normoxic cells, generating the
unstable, anionic copper(I) complex [CuIATSM]� . It was
suggested that this species may dissociate slowly in hypoxic
cells, which leads to irreversible trapping of the copper ion.
In the presence of normal oxygen tensions, the [CuIATSM]�


anion is reoxidised to the neutral copper(II) complex, which
can diffuse out of the cells. In this mechanism, the relative
stability of the reduced copper(I) anion with respect to
ligand dissociation is the discriminating factor between the
hypoxia-selective complex 1 and the non-selective blood
perfusion tracer complex 2.[89]


A revised mechanism that builds upon the work of Dearl-
ing et al. and is consistent with the electrochemistry, SEC,
DFT calculations and observed cellular uptake experiments
is shown in Scheme 2.[36,37] Although the mechanism of cellu-
lar uptake is uncertain given the low molecular weight, high
lipophilicity (log P) and planarity of complexes 1–6, it is
plausible that cellular uptake may occur by passive diffu-
sion. Once inside the cell, NADH/NADPH-dependent
enzyme-mediated reduction is likely to occur for all cop-
per(II)–bis(thiosemicarbazonato) complexes in both nor-
moxic and hypoxic tissue. Although caution must be applied
when extrapolating between the chemical results in DMF
and biological systems, the electrochemistry experiments
show that reduction generates a copper(I) anionic species,
for example, [CuIATSM]� or [CuIPTSM]� . In the absence of
acid this anionic species is stable with respect to ligand dis-
sociation. This result represents a departure from the second
mechanism proposed, and therefore, the intracellular trap-
ping and hypoxia selectivity must originate from another
aspect of the chemistry of these complexes.[36,37]


We propose that the relative rates of oxidation and acid-
catalysed dissociation of the copper(I) anionic species, and
the position of equilibria between protonated species, are
crucial to the mechanism of hypoxia selectivity. SEC experi-
ments and DFT calculations show that complexes with more
negative one-electron reduction potentials are more readily
oxidised by dioxygen than complexes with less negative re-
duction potentials. For example, complex 1 is harder to
reduce than complex 2, and the copper(I) anion
[CuIATSM]� is oxidised back to the neutral complex 1 more
rapidly than the [CuIPTSM]� anion. However, in the ab-
sence of acid, both anions are stable to ligand dissociation
on the relatively long timescale of the UV/Vis SEC experi-
ments.


The reduction potentials and pKa values of complexes 1–4
depend on the electron-donating nature of the substituents
on the ligand backbone.[40] The calculations and experiments
described herein show that the conjugate acids of complexes
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with either one or two hydrogen substituents at the R1 and
R2 positions are less acidic than the conjugate acid of 1.
Therefore, in comparison with the non-hypoxia selective
complex 2, the position of equilibrium between 1 and the
copper(I) anion is displaced further towards the neutral cop-
per(II) complex. In addition, for complex 1 the position of
the equilibria established between the protonated and non-
protonated forms of both the copper(II) and copper(I) spe-
cies lie towards the non-protonated complexes. In contrast,
complex 2 is more readily reduced and more easily proton-
ated. Therefore, the position of equilibria is displaced to-
wards the more heavily protonated, reduced copper(I) spe-
cies of complex 2, increasing the propensity for ligand disso-
ciation and leading to irreversible trapping of the corre-
sponding proligand and copper(I) ions.


The revised mechanism (Scheme 2) is fully consistent with
cellular uptake and washout studies.[36, 37] Non-steady-state
kinetic modelling with the mechanism developed herein and
the cellular uptake and washout data reported by Lewis
et al. has also been conducted.[90] Full results will be report-
ed elsewhere. However, the mechanism was found to be in
excellent agreement with the experimental data, with an
overall calculated variance between the experimental and si-
mulated uptake profiles of <7%, which lies within experi-
mental error (see the Supporting Information).


All copper(II)–bis(thiosemicarbazonato) complexes are
taken up by both normoxic and hypoxic cells in which intra-
cellular enzyme-mediated reduction, generating copper(I)
anionic species, occurs. In normoxic cells, rapid and facile
oxidation of [CuIATSM]� coupled with the low pKa of the
conjugate acid means that the position of the equilibrium is
displaced towards the neutral copper(II) complex. In con-
trast, for complex 2, the position of the equilibrium in nor-
moxic cells will be displaced towards the reduced copper(I)
protonated species. This increased intracellular concentra-
tion of [CuIPTSMH] and [CuIPTSMH2]


+ increases the rate
of ligand dissociation. Therefore, in normoxic cells, complex


2 is more likely to become irreversibly trapped than com-
plex 1, which is consistent with the higher observed washout
concentration of complex 1 from normoxic cells.[36,37] As
oxygen tension decreases, the position of the equilibrium of
1 is displaced towards the copper(I) anionic species. In hy-
poxic cells the more acidic environment means that protona-
tion is more likely to occur, which leads to increased ligand
dissociation and irreversible trapping of 1.


Conclusions


The mechanism of hypoxia selectivity of copper(II)–bis(thio-
semicarbazonato) complexes has been investigated by using
a range of chemical, electrochemical, spectroscopic and
computational methods. Earlier mechanisms focused on the
structural dependence of the one-electron CuII/CuI reduc-
tion, and the relative stability of the reduced copper(I)
anionic species towards dissociation as the primary molecu-
lar feature governing hypoxia-selective cellular uptake and
retention.[25,36–39] Under normoxic conditions, reduction was
proposed to be either non-feasible[25,38] or reversible,[36,37,39]


with dioxygen thought to be acting as the oxidant for the
one-electron oxidation of the reduced copper(I) species. The
role of pKa and protonation of both the copper(II) and re-
duced copper(I) species was not considered explicitly.


The results presented herein suggest that reduction of
copper(II)–bis(thiosemicarbazonato) complexes is highly pH
dependent. Dioxygen has been shown to be capable of oxi-
dising the reduced copper(I) species, which, in the absence
of a proton source, is stable towards ligand dissociation. A
revised mechanism consistent with all available experimen-
tal data has been developed and can be used to understand
observed differences in the hypoxia selectivity of 1 and
[CuIIPTSM]. Reduction has been shown to generate the
copper(I) anionic species that may undergo oxidation by di-
oxygen, protonation or ligand dissociation. The position of


Scheme 2. Diagram of the proposed mechanism of reduction and protonation of 1 and related copper(II)–bis(thiosemicarbazonato) complexes
(Scheme 1). The mechanism can be used to account for the observed differences in hypoxia selectivity between complexes 1 and 2. The species shown in
bold represent a plausible pathway for intracellular reduction. However, the other species, including the copper(I) dimer, are unlikely to be found in the
cellular environment.
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the equilibrium between different protonated species is de-
pendent upon the electron-donating/withdrawing nature of
the R1 and R2 substituents of the chelating ligand. The hypo-
xia selectivity of 1 arises from a delicate balance between
enzyme-mediated one-electron reduction and subsequent re-
oxidation by dioxygen, versus protonation and ligand disso-
ciation. The revised mechanism may have important impli-
cations in the design of new copper-based radiopharmaceuti-
cals.


Experimental Section


General : All reagents and solvents were obtained from commercial sour-
ces (SigmaAldrich and Lancaster) and unless otherwise stated were used
as received. Elemental analyses were performed by the microanalysis
service department at the University of Oxford. NMR spectra were re-
corded on a Varian Mercury VX300 spectrometer (1H at 300 MHz,
13C{1H} at 75.5 MHz) by using the residual solvent signal as an internal
reference. Mass spectra were recorded on a Micromass LCT time-of-
flight mass spectrometer by using positive ion electrospray (ES+) ionisa-
tion. When possible accurate masses are reported to four decimal places
by using tetraoctylammonium bromide (466.5352 Da) as an internal refer-
ence. UV/Vis spectra were recorded on a Perkin–Elmer Lambda 19 UV/
Vis/near-IR spectrometer. EPR spectra were recorded by using quartz
flat cells 1 or 2 mm thick on a Bruker EMX-micro X-band spectrometer
at the EPSRC National EPR Service at the University of Manchester.
EPR simulations were performed by using either EasySpin[72] or Bruker
Win-EPR SimFonia version 1.26beta software.[74] High-performance
liquid chromatography (HPLC) was conducted by using a Gilson HPLC
machine equipped with a Hamilton PRP-1 reverse-phase column and
UV/Vis detection at 254 nm. Retention times obtained by using a water/
acetonitrile gradient elution method (shown in the Supporting Informa-
tion) are presented for all compounds. Calculated lipophilicities (log Pc
values) have been estimated from the HPLC retention times and calibra-
tion of the apparatus by using experimental water/octanol partition coef-
ficients of complexes 1–6 reported in the literature.[37]


Electrochemistry experiments were performed by using a CH Instru-
ments Electrochemical Analyser. The potentiostat was controlled using a
PC running CH Instruments version 2.05 electrochemical software. All
cyclic voltammetry measurements were recorded in a glass cell sealed
with a Teflon cap and located inside a Faraday cage at a temperature of
(21.5�1.5) 8C. Further details are given in the Supporting Information.


UV/Vis SEC experiments were performed in anhydrous DMF with
0.1 moldm�3 TBA-BF4 as a supporting electrolyte by using a custom-
made optically transparent thin-layer electrode (OTTLE) quartz cell
(path length, l=0.46 mm), sealed with a Teflon cap. The total volume of
the OTTLE cell was approximately 4 mL. The same auxiliary and refer-
ence electrodes as those used in the cyclic voltammetry measurements
were situated in the bulk solution above the cavity and a platinum wire
mesh (approximately 50 wires per inch, 0.10 mm thick) located inside the
cavity was used as the working electrode. A similar experimental design
was used for the EPR SEC measurements.


Synthesis : Bis(thiosemicarbazone) proligands and the corresponding cop-
per(II)–bis(thiosemicarbazonato) complexes, 1–9, were synthesised in ac-
cordance with previously reported procedures.[45,47] All characterisation
data was found to be consistent with the proposed structures. Full details
are given in the Supporting Information.


DFT calculations : All calculations were conducted using DFT[91,92] as im-
plemented in the Gaussian 03 suite of ab initio quantum chemistry pro-
grams.[68] Geometry optimisations and vibrational frequency calculations
were performed by using the unrestricted uB3LYP exchange and correla-
tion functionals and the double-z 6-31++G ACHTUNGTRENNUNG(d,p) basis set for all atoms.
Full computational details are given in the Supporting Information. A


more detailed description of the calculations has been given previous-
ly.[40]


X-ray crystallography : Crystals of complexes 7–9 were mounted on a
glass fibre and cooled rapidly to 150 K in a stream of cold N2 by using an
Oxford Cryosystems CRYOSTREAM unit. Diffraction data was mea-
sured by using an Enraf-Nonius Kappa CCD diffractometer (graphite-
monochromated MoKa radiation, l =0.71073 M). Intensity data was pro-
cessed using the DENZO-SMN package.[93]


Space groups were identified by examination of the systematic absences
in the intensity data. The structures were solved by using the direct meth-
ods program SIR92,[94] which located all non-hydrogen atoms. Subsequent
full-matrix least-squares refinement was carried out by using the CRYS-
TALS program suite.[95] Coordinates and anisotropic thermal parameters
of all non-hydrogen atoms were refined. The NH hydrogen atoms were
located in the difference Fourier map and their coordinates and isotropic
thermal parameters were subsequently refined. Other hydrogen atoms
were positioned geometrically after each cycle of refinement. A three-
term Chebychev polynomial weighting scheme was applied.


CCDC-682479 (7), 682480 (8) and 682481 (9) contain the supplementary
crystallographic data for this paper. This data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Introduction


Vaccine development has been one of the major accomplish-
ments of modern medicine. A variety of different strategies
including the use of killed or attenuated microorganisms, in-
activated bacterial toxins, and protein subunit vaccines have
been successfully employed for the prevention of a variety
of infections.[1] However, there remains a need for effective
vaccines for the treatment of serious diseases such as malar-
ia, AIDS, and cancer as well as for the fight against antibiot-
ic-resistant microbial infections. It has been shown that com-
plex polysaccharides displayed on the surface of pathogenic
organisms as well as tumor-associated carbohydrate antigens
overexpressed on oncogenically transformed cells are viable
targets for active immunotherapy. However, due to their in-
ability to activate TH cells through presentation via MHC
class II molecules, saccharide antigens alone exhibit only


poor immunogenicity, which is a key limitation to their suc-
cessful application as vaccines. Extensive research has there-
fore focused on the creation of synthetic vaccines[2–4] based
on complex carbohydrate epitopes conjugated to foreign
carrier proteins such as tetanus toxoid, KLH or BSA, which
after processing liberate peptide fragments (MHC peptides)
for the recruitment of TH cells. The use of large carrier pro-
teins for the construction of conjugate vaccines has, howev-
er, some disadvantages: A strong immune response against
the carrier protein may result in suppression of carbohy-
drate-specific antibody production.[5,6] Alternatively, the
large protein might contain immunosuppressive epitopes,[7–9]


which can reduce the effectiveness of the vaccine. In addi-
tion, conjugation chemistry is often difficult to control lead-
ing to glycoproteins with ambiguities in structure and com-
position, which may affect the reproducibility of an immune
response. In the search for effective vaccines and as a solu-
tion to these obstacles, specific TH-cell peptide epitopes de-
rived from various carrier proteins have been conjugated to
different antigens including monosaccharides,[10] polysaccha-
rides,[11] and tumor-associated glycopeptides.[12] However,
due to the complexity of both the target antigens and the T-
cell peptides, the preparation of vaccine conjugates is a cum-
bersome task often necessitating laborious protecting group
manipulations and accompanied by loss of precious materi-
al.


Abstract: Pathogenic organisms or on-
cogenically transformed cells often ex-
press complex carbohydrate structures
at their cell surface, which are viable
targets for active immunotherapy. We
describe here a novel, immunologically
neutral, linker methodology for the ef-
ficient preparation of highly defined
vaccine conjugates that combine com-
plex saccharide antigens with specific
TH-cell peptide epitopes. This novel
heterobifunctional approach was em-


ployed for the conjugation of a (1!2)-
b-mannan trisaccharide from the
pathogenic fungus Candida albicans as
well as the carbohydrate portion of
tumor-associated ganglioside GM2 to a
TH-cell peptide epitope derived from
the murine 60 kDa self heat-shock pro-


tein (hsp60). Moreover, the linkage
chemistry has proven well suited for
the synthesis of more complex target
structures such as a biotinylated glyco-
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We describe here the development of a novel linker meth-
odology for the efficient synthesis of highly defined vaccine
conjugates that combine complex carbohydrate antigens
with specific TH-cell peptide epitopes.


Results and Discussion


In order to minimize the loss of valuable synthetic building
blocks, we envisaged a conjugation strategy that would link
the two completely deprotected components—the oligosac-
charide antigen and the specific TH-cell epitope—at the last
step of the synthesis under mild conditions in an aqueous
system and without the need for an organic co-solvent, acti-
vating reagents or inconvenient experimental procedures. To
be able to selectively couple the deprotected building blocks
containing multiple functionalities, we sought a heterobi-
functional linker that could, in the first step, be coupled to
one component to form an intermediate that was sufficiently
stable to permit both purification and long-term storage.
This would furnish a versatile building block that can be
readily utilized for different applications. In recent years a
variety of conjugation methods[13] have been developed for
the preparation of glycoconjugates including the addition of
sulfhydryl groups to maleimides,[14] reaction of thiols with
iodoacetamides,[15] 1,3-dipolar cycloadditions of azides to al-
kynes[16,17] or the use of bissuccinimidyl esters and diethyl
squarate.[18,19] While being very effective for rapid conjugate
formation, these procedures entail major drawbacks. They
either form unstable intermediates, which are too reactive
to allow chromatographic purification and storage, or they
incorporate aromatic or other cyclic structural elements,
which are potentially highly immunogenic themselves, and
may suppress an antibody response towards the target anti-
genic determinant.[20–22] Based on our earlier development of
an adipate p-nitro phenyl diester coupling reagent,[23,24] we
concluded that a suitable linker for vaccine preparation
should incorporate a non-immunogenic linear aliphatic
chain and exhibit, at the same time, sufficient water-solubili-
ty to facilitate its use. To fulfill these objectives we designed
a coupling reagent 1 based on a water-soluble triethylene
glycol core,[25,26] functionalized at one end with an amine-re-
active N-hydroxysuccinimide activated carboxylate and in-
corporating at the other end an acrylate moiety, which read-
ily reacts with sulfhydryl groups under mildly basic condi-
tions forming non-immunogenic alkyl thioethers.[27]


The synthesis of the novel linker started from triethylene
glycol, which was converted into 12-hydroxy-4,7,10-trioxado-
decanoic acid-tert-butylester 2 in a hetero-Michael reaction
with tert-butyl acrylate in THF. Subsequent treatment with
acryloyl chloride in the presence of ethyldiisopropylamine
as a base gave acrylate 3 in a yield of 82%. Removal of the
tert-butyl ester with trifluoroacetic acid furnished acid 4 in
82% yield. To allow ready conjugation to biomolecules
without the need for coupling reagents, 4 was converted into
the corresponding N-hydroxysuccinimidyl ester 1
(Scheme 1). To this end, acid 4 was treated with N-hydroxy-


succinimide (NHS) and dicyclohexylcarbodiimide (DCC) in
THF to give the heterobifunctional linker 1 in 72% yield
after purification.


The novel linker methodology was subsequently applied
to the development of structurally well-defined glycopeptide
vaccines against cancer and infections with Candida albi-
cans, a pathogenic fungus to which immunocompromised
hospital patients are especially vulnerable.[28] Previous im-
munochemical studies in our group showed that (1!2)-b-
mannan oligomers of the cell wall phosphomannan complex
have potential as key epitopes for the development of con-
jugate vaccines against C. albicans.[24, 29] As the antigenic epi-
tope for the incorporation into glycoconjugate vaccines a
(1!2)-b-mannan trisaccharide (I) was prepared according
to a synthetic route that relies on the formation of a b-glu-
copyranosyl linkage with subsequent C-2 epimerization via
an oxidation-reduction sequence as described earlier.[24,30,31]


In our quest to develop an effective anticancer vaccine, our
investigations have focused on tumor-associated ganglioside
antigens.[32,33] For the preparation of model vaccines the tet-
rasaccharide portion of the ganglioside GM2 (II), which is


Scheme 1. Synthesis of novel heterobifunctional linker 1: a) tert-Butyl ac-
rylate, Na, THF, 89%; b) acryloyl chloride, DIPEA, CH2Cl2, 82%; c)
TFA/anisole/CH2Cl2 9:1:10, 82%; d) DCC, NHS, THF, 72%.


Figure 1. bMan3 (I) and GM2 (II) antigens.
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significantly overexpressed in a variety of tumors, was syn-
thesized employing a chemoenzymatic approach developed
in our group.[33] Both target saccharide antigens were
equipped with an amino-functionalized tether that allows
for the conjugation with heterobifunctional linker 1
(Figure 1).
The oligosaccharide amines I and II were treated with


3 equiv of linker 1 in an aqueous borate buffer (0.02m) at
pH 8.1. The reactions were completed in 35 min at which
time the solutions were injected directly into an HPLC-


system for purification affording the acrylate modified anti-
gens 5 and 6 in yields of 74 and 79%, respectively
(Scheme 2).
The triethylene glycol acrylate spacer in 5 and 6 provides


a suitable handle to increase the retention on a C18 column
allowing for efficient separation. The derivatives synthesized
in this way are sufficiently stable for long-term storage facil-
itating their convenient application for different aspects of
glycoconjugate preparation.
As specific TH-peptide epitope for the generation of vac-


cine conjugates a peptide fragment from the murine self
60 kDa heat-shock protein (hsp60) identified by Cohen and
co-workers[34] was selected. This heptadecapeptide repre-
senting a strongly immunogenic T-cell epitope of hsp60 be-
tween residues 458 and 472 (p458m) has been shown to
serve as a potent carrier in conjugate vaccines against infec-
tions with S. pneumoniae and N. meningitidis.[11, 35,36] The
p458m epitope was assembled in an automated synthesizer
using Fmoc strategy[37] starting from Rapp Tentagel R
resin[38] 7 equipped with Fmoc-isoleucine via the acid-labile
Wang linker[39] and employing a combination of HBTU/
HOBt[40] for activation. After completion of the peptide se-
quence, S-trityl protected mercaptopropionic acid 8, which
is readily available from mercaptopropionic acid and tri-
phenylmethanol, was coupled to install a sulfhydryl moiety
on the peptide to serve as attachment point for the linker
(Scheme 3). The thiol-modified heptadecapeptide 9 was li-
berated from the resin by treatment with TFA which simul-
taneously cleaved all side-chain protecting groups and was
subsequently purified by C18 RP-HPLC.
The conjugation reactions to form vaccines 10 and 11


were performed by simply dissolving the respective oligosac-
charide-acrylate derivatives and the thiol-modified p458m-
peptide 9 in a Tris·HCl buffer system containing 1 mm


EDTA at pH 8.9. EDTA coordinates heavy metal ions that
Scheme 2. a) 1 (3 equiv), borate buffer, 0.02m, pH 8.1, 35 min, purifica-
tion by C18 RP-HPLC, 74%; b) same as a) 79%.


Scheme 3. a) Peptide synthesis: i) cleavage of Fmoc: 20% piperidine in DMF; ii) amino acid coupling: Fmoc-AA-OH, HBTU, HOBt, DIPEA, DMF; iii)
capping: Ac2O, HOBt, DMF; b) incorporation of thiol moiety: i) Fmoc removal: 20% piperidine in DMF; ii) coupling: 8, HBTU, HOBt, DIPEA; c)
cleavage from resin and removal of acid-labile protecting groups: TFA/TIS/water 90:5:5.
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would otherwise catalyze the oxidation of sulfhydryl groups
to from disulfides thereby significantly reducing this side re-
action. The respective reaction mixtures were shaken for 4 h
under argon, and the fully synthetic bMan3-p458m and
GM2-p458m vaccine conjugates 10 and 11 were isolated
after purification by RP-HPLC in 71 and 75% yield, respec-
tively (Scheme 4). The ester moiety contained in the linker
has proven to be sufficiently stable to allow the use of TFA
as ion pairing reagent during the HPLC purification without
complication.
With the aim of generating a useful and versatile tool for


a variety of immunochemical applications, the GM2-p458m
vaccine was re-synthesized incorporating a biotin moiety at
the C-terminal side of the molecule. To this end, an orthogo-
nally protected lysine building block was employed to serve
as a selective attachment point[41,42] for biotin. Starting from
resin 12 modified with ivDde-protected Fmoc-lysine,[43,44]


the p458m peptide was sequentially constructed and
equipped with a thiol-modified tether (Scheme 5). Subse-
quently, the orthogonally stable ivDde group was selectively
removed with 3.5% hydrazine in DMF. In this way, a versa-
tile precursor 13 was generated for the construction of vari-
ous tailor-made immunoconjugates as it allows the coupling
of labels, dyes or peptides on resin and, after cleavage, the
selective conjugation in solution of different antigens acti-
vated with the acrylate linker. After the attachment of
biotin to the C-terminal lysine residue of resin bound pep-
tide 13, the HS-p458m-biotin conjugate 14 was liberated
from the resin with concomitant deprotection by TFA, fol-
lowed by HPLC. After lyophilization, GM2-acrylate building
block 6 was coupled to HS-p458m-bio 14 using the same re-
action conditions as before. The fully synthetic GM2-p458m-
bio immunoconjugate 15 was obtained pure after HPLC in
70% yield (Scheme 5).
Recently, different examples of synthetic vaccines that


combine a B-cell epitope, a promiscuous T-cell peptide and
an immunostimulatory adjuvant have been reported.[10,45,46]


To enhance the immunogenicity of our glycopeptide-based
vaccines we designed according to this concept a three-com-
ponent vaccine consisting of the antigenic C. albicans b-
mannan trisaccharide, the p458m TH-cell carrier peptide,
and an immunostimulatory nonapeptide from human inter-
leukin-1b (IL-1b).[45] This IL-1b peptide has been shown to
reproduce the adjuvant effects of the whole IL-1b protein
without any of the IL-1b inflammatory, vasoactive and toxic
properties.[47, 48] The synthetic strategy that afforded this vac-
cine relied on the solid-phase assembly of the HS-p458m-
IL-1b conjugate 16, which after cleavage, deprotection and
purification was conjugated to bMan3-acrylate building
block 5. Starting from the selectively amino-deprotected
resin-bound peptide 13 which served as precursor for GM2-
p458m-bio conjugate 15 (Scheme 5) the IL-1b nonapeptide
chain was sequentially assembled on the free amine to form
the HS-p458m-IL-1b conjugate 16, which was subsequently
cleaved from the resin by TFA with concomitant side-chain
deprotection and purified by preparative HPLC. Then, the
b-mannan building block 5 was efficiently linked to this con-
jugate in aqueous solution to yield the fully synthetic three-
component vaccine 17 in 64% after HPLC purification
(Scheme 6).
To investigate the versatility of the new linkage chemistry


the conjugation of ganglioside antigens to carrier proteins
was also studied. A model protein BSA was treated with 25
equivalents of linker 1 in borate buffer at pH 8.1 leading to
a substitution of 17 molecules of the acrylate spacer per
molecule of protein as determined by MALDI-TOF mass
spectrometry (Scheme 7a).
For the subsequent conjugation of GM2 analogue II to


BSA–acrylate 18 a sulfhydryl group was incorporated into
the saccharide antigen employing the amine-reactive thiolat-
ing reagent SATA (succinimidyl S-acetylthioacetate)[49] fol-
lowed by deprotection with hydroxylamine (Scheme 7b).
The modified protein 18 was incubated for 8 h with the
GM2-derivative 19 formed in this way (1.5 equiv relative to


Scheme 4. Conjugation reactions to establish vaccine conjugates 10 and 11: a) Tris·HCl buffer, 0.05m, 1 mm EDTA, pH 8.9, 4 h, purification by C18 RP-
HPLC, 71% for 10, 75% for 11.
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Scheme 5. a) 3.5% Hydrazine in DMF, 5L5 min; b) biotin, HBTU, HOBt, DIPEA; c) TFA/TIS/water 90:5:5; 6 ; d) Tris·HCl buffer, 0.05m, 1 mm EDTA,
pH 8.9, 4 h, purification by RP-HPLC, 70%; bio=biotinyl.


Scheme 6. Assembly of a three component vaccine: a) Solid-phase synthesis of IL-1b sequence; b) TFA/TIS/water 90:5:5, purification by HPLC, 27%
(for a) and b)); c) 5, Tris·HCl buffer, 0.05m, 1 mm EDTA, pH 8.9, 16 h, purification by RP-HPLC, 64%.
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the spacer loading in 18) in an EDTA containing borate
buffer at pH 8.9 and subsequently freed of salts and unreact-
ed saccharide employing a Sephadex PD-10 column.
MALDI-TOF analysis showed an average incorporation of
eight molecules of the GM2 saccharide in the BSA conju-
gate 20.


Immunization studies : The synthesized glycopeptide-based
antifungal vaccines Man3-p458m 10 and Man3-p458m-IL-1b
17 were evaluated for their ability to induce a specific anti-
body response against the antigenic b-mannan trisaccharide.
Each conjugate formulated in incomplete FreundMs adjuvant
(IFA) was used to immunize groups of five BALB/c mice.
As the p458m carrier peptide was reported[36] to possess ad-
juvant properties, the use of complete FreundMs adjuvant
was avoided. A total of five immunizations were adminis-
tered at intervals of three weeks. Between the 3rd and the
4th boost the mice were rested for two months to allow time
for the immunological memory to evolve. Sera from the im-
munized mice were analyzed by ELISA for Man3-specific
antibodies. It was also of particular interest to monitor the
ability of the antibodies to recognize a crude cell wall ex-
tract of native C. albicans. For this purpose, ELISA experi-
ments were carried out using microtitre plates coated with a
conjugate of synthetic b-mannan trisaccharide with BSA
(Man3-BSA)


[24] and a cell wall extract from C. albicans.[50]


Sera were serially diluted starting at a dilution factor of
1=100. Bound, specific antibodies were visualized with a secon-
dary goat anti-mouse antibody labeled with horseradish per-
oxidase (HPO). The absorbance (OD) was read at l=


450 nm. To simplify presentation and for better comparison,
the OD results are shown at a dilution of 1=100. Figures 2 and
3 depict the ELISA data for five mice of each series com-
pared with the pooled pre-immune sera collected from the
same mice prior to immunization.


All mice immunized with the conjugate vaccines respond-
ed with markedly increased Man3-specific antibody levels in
comparison with the untreated pre-immune sera. The anti-
bodies raised recognized both the synthetic trisaccharide an-
tigen conjugated to BSA (Figure 2) and, most importantly, a
crude extract of the cell wall of C. albicans (Figure 3). Inter-
estingly, with the exception of only one mouse (mouse 5)
immunizations with the three-component vaccine Man3-
p458m-IL-1b 17 (dark grey) incorporating the peptidic IL-
1b adjuvant epitope reproducibly lead to higher carbohy-
drate specific antibody levels. The same trend was observed
when the ELISA plate was coated with the cell wall extract
from C. albicans (2 ME) (Figure 3). These findings underline
the potential of carefully design three-component vaccines
to induce enhanced immune responses.


Scheme 7. Protein conjugation: a) 1 (25 equiv), borate buffer, 0.02m, pH 8.1, 1 h; b) SATA (10 equiv), borate buffer, 0.02m, pH 8.1, 30 min, purification
by RP-HPLC; c) H2NOH (0.5m), sodium phosphate 50 mm, EDTA 25 mm, pH 7.5; d) 18 (0.67 equiv), Tris·HCl buffer, 0.05m, 1 mm EDTA, pH 8.9, 8 h,
purification via Sephadex PD-10 column.


Figure 2. ELISA Data: Absorbance (OD450) for mouse sera raised against
Man3-p458m vaccine 10 (light grey) and Man3-p458m-IL-1b three-compo-
nent vaccine 17 (dark grey). Synthetic Man3-BSA conjugate was coated
on ELISA plates.
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Conclusion


In conclusion, a novel linear non-immunogenic heterobi-
functional linker based on water-soluble triethylene glycol
has been developed and was applied in the efficient synthe-
sis of highly defined glycoconjugate vaccines against cancer
and microbial infections. The new conjugation method is
distinguished by its ease of use, the formation of stable, stor-
able intermediates, and by the mild reaction conditions free
from side reactions. Moreover, the novel linkage chemistry
has proven to be well suited for vaccine preparation by con-
jugation of complex carbohydrate antigens to carrier pro-
teins. The method has been successively applied to a series
of Candida albicans cell wall peptides some of which show
great promise as vaccine candidates in challenge experi-
ments.[51]


Experimental Section


Reagents and general experimental procedures : All reagents were pur-
chased from Sigma-Aldrich at the highest available commercial quality
and used without further purification. Fmoc-protected amino acids and
HBTU were obtained from Novabiochem; HOBt was purchased from
Matrix Innovations. As resin for solid-phase peptide synthesis TentaGel
R PHB (Rapp Polymere, Germany) was used. Solvents were dried and
collected using a Pure-Solv solvent purification system manufactured by
Innovative Technologies, Inc. NMP for peptide synthesis was purchased
from Caledon Laboratories Ltd. Unless noted otherwise, all reactions
were carried out at room temperature and non-hydrolytic reactions were
performed under a positive pressure of argon. Solvents were removed at
reduced pressure and a bath temperature of approximately 40 8C. Reac-
tions were monitored by analytical thin-layer chromatography (TLC)
with pre-coated silica gel 60 F254 glass plates (Merck). Plates were visual-
ized under UV light, and/or by treatment with either acidic cerium am-
monium molybdate or 5% ethanolic sulfuric acid, followed by heating.
Medium pressure chromatography was conducted using silica gel (40–
63 mm, SiliCycle, Quebec) at flow rates of 10–15 mLmin�1. RP-HPLC
separation was conducted on a Waters Delta 600 system using a Waters
2996 photodiode array detector. Analyses were performed on a Phenom-


enex Luna C18(2) (250L4.6 mm, 5 m) while preparative separations were
conducted on a Phenomenex Luna C18(2) (250L21.20 mm, 10 m) prepa-
rative column, using linear gradients of water and acetonitrile with the
addition of 0.02–0.1% TFA (flow rate 1 mLmin�1 for analytical runs and
10 mLmin�1 for preparative separations) as eluents. 1H and 13C NMR
spectra were recorded on Varian INOVA 500 and 600 MHz spectrome-
ters. 1H NMR chemical shifts are reported in d (ppm) units using signals
from residual solvents as a reference. 13C NMR chemical shifts are refer-
enced to internal solvent or to external acetone in the case of D2O. As-
signment of proton and carbon signals was achieved with the assistance
of COSY, HMQC, HMBC, TOCSY and TROESY spectra as necessary.
MALDI TOF mass spectra were recorded on a Voyager Elite spectrome-
ter from Applied Biosystems. Electrospray ionization mass spectra were
recorded on a Micromass Zabspec TOF mass spectrometer. For high res-
olution mass determination, spectra were obtained by voltage scan over a
narrow range at a resolution of approximately 104.


12-Hydroxy-4,7,10-trioxadodecanoic acid-tert-butylester (2): Sodium
(40 mg, 0.9 mmol) was added under argon to a solution of anhydrous tri-
ethylene glycol (25.6 mL, 188.0 mmol) in dry THF (85 mL). After sodium
had completely dissolved, tert-butyl acrylate (9.6 mL, 66.0 mmol) was
added, and the mixture was stirred at RT for 20 h. The solution was neu-
tralized by the addition of 1n HCl (1.6 mL) and subsequently concentrat-
ed in vacuo. The resulting residue was taken up in brine (70 mL), and ex-
tracted with ethyl acetate (3L50 mL). The combined organic phases were
washed with brine, dried over MgSO4, and concentrated in vacuo. The
crude product (16.40 g, 58.9 mmol, 89%), which was obtained as a clear,
colorless solution was used for the subsequent reaction step without fur-
ther purification. Rf=0.30 (ethyl acetate);


1H NMR (600 MHz, CDCl3):
d = 3.73–3.69 (m, 4H, 3-CH2, 11-CH2), 3.69–3.63 (m, 6H, 3LOCH2),
3.62 (m, 4H, 12-CH2, OCH2), 2.50 (t, 2H, 2-CH2, JCH2,CH2=6.6 Hz),
1.44 ppm (s, 9H, CH3-tBu);


13C NMR (125 MHz, CDCl3): d = 170.89 (1-
C=O), 80.52 (Cquart-tBu), 70.63, 70.51, 70.39, 70.35 (4LCH2), 66.91 (3-
CH2), 61.76 (12-CH2), 36.23 (2-CH2), 28.17, 28.16, 28.09 ppm (3LCH3-
tBu); ESI-HRMS: m/z : calcd for C13H26O6Na: 301.1622; found: 301.1621.


14-Oxo-4,7,10,13-tetraoxahexadec-15-enoic acid-tert-butylester (3):
Under ice cooling, acryloyl chloride (96%, 3.40 g, 37.60 mmol) was
added dropwise to a solution of 2 (6.00 g, 21.56 mmol) and N,N-diisopro-
pylethylamine (4.68 g, 36.21 mmol) in dry dichloromethane (100 mL).
The solution was allowed to warm up to room temperature over 1 h, and
stirred for 18 h. After diluting with ethyl acetate (100 mL), the reaction
mixture was washed with 10% HCl (100 mL), a sat. solution of NaHCO3
(100 mL) and brine (100 mL). The organic phase was dried over MgSO4
and concentrated in vacuo. The crude product was purified by column
chromatography (hexanes/ethyl acetate 3:1) to give the title compound
(5.85 g, 17.61 mmol, 82%) as a slightly yellow oil. 1H NMR (600 MHz,
CDCl3): d = 6.42 (dd, 1H, H-2tacrylate, J2t/1=17.4, J2t/2c=1.2 Hz), 6.15 (dd,
1H, H-1acrylate, J1/2t=17.4, J1/2c=10.7 Hz), 5.82 (dd, 1H, H-2cacrylate, J2c/1=
10.4, J2c/2t=1.4 Hz), 4.32–4.29 (m, 2H, 12-CH2), 3.75–3.58 (m, 12H, 6L
CH2), 2.49 (t, 2H, 2-CH2, JCH2,CH2=6.4 Hz), 1.44 ppm (s, 9H, CH3-tBu);
13C NMR (125 MHz, CDCl3): d = 170.87 (1-C=O), 166.13 (14-C=O),
130.92 (CH2-acrylate), 128.30 (CH-acrylate), 80.49 (Cquart-tBu), 70.64,
70.63, 70.57, 70.38 (4LCH2), 69.12 (11-CH2), 66.91 (3-CH2), 63.69 (12-
CH2), 36.28 (2-CH2), 28.09 ppm (3LCH3-tBu); ESI-HRMS: m/z : calcd
for C16H28O7Na: 355.1727; found: 355.1725.


14-Oxo-4,7,10,13-tetraoxahexadec-15-enoic acid (4): A solution of pro-
tected linker 3 (2.50 g, 7.52 mmol) in a mixture of dichloromethane
(5 mL), TFA (4.5 mL) and anisole (0.5 mL) was stirred at room tempera-
ture for 2 h. The reaction mixture was diluted with toluene (25 mL), and
the solvent was removed in vacuo. The resulting residue was co-evaporat-
ed with toluene (3L25 mL) and purified by column chromatography
(hexanes/ethyl acetate 3:1!1:1!ethyl acetate) to yield compound 4
(1.70 g, 6.15 mmol, 82%) as a colorless oil. Rf=0.15 (hexanes/ethyl ace-
tate 1:1); 1H NMR (600 MHz, CD3OD): d = 6.39 (dd, 1H, H-2tacrylate,
J2t/1=17.4, J2t/2c=1.2 Hz), 6.17 (dd, 1H, H-1acrylate, J1/2t=17.4, J1/2c=


10.2 Hz), 5.88 (dd, 1H, H-2cacrylate, J2c/1=10.2, J2c/2t =1.8 Hz), 4.30–4.26 (m,
2H, 12-CH2), 3.73–3.69 (m, 4H, 3-CH2, 11-CH2), 3.66–3.56 (m, 8H, 3L
OCH2, 12-CH2), 2.53 ppm (t, 2H, 2-CH2, JCH2,CH2=6.0 Hz);


13C NMR
(125 MHz, CD3OD): d = 175.28 (1-C=O), 167.64 (14-C=O), 131.69,


Figure 3. ELISA Data: Same as above. Crude native C. albicans cell wall
extract (2ME) was coated on ELISA plates.
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129.48, 71.60, 71.54, 71.42, 67.88, 35.82 ppm; ESI HRMS: m/z : calcd for
C12H20O7Na: 299.1101; found: 299.1098.


14-Oxo-4,7,10,13-tetraoxahexadec-15-enoic acid-N-hydroxysuccinimide
ester (1): N,N’-Dicyclohexylcarbodiimide (248 mg, 1.20 mmol) and N-hy-
droxysuccinimide (97%, 142 mg, 1.20 mmol) were added under argon to
a solution of 4 (300 mg, 1.09 mmol) in dry THF (9 mL). The reaction
mixture was stirred at room temperature for 15 h. After concentration
under reduced pressure, the resulting residue was purified by column
chromatography to afford 1 as a colorless oil (292 mg, 0.78 mmol, 72%).
Rf=0.40 (hexanes/ethyl acetate 1:1);


1H NMR (600 MHz, CDCl3): d =


6.43 (dd, 1H, H-2tacrylate, J2t/1=17.4, J2t/2c=1.2 Hz), 6.16 (dd, 1H, H-1acrylate,
J1/2t=17.4, J1/2c=10.8 Hz), 5.84 (dd, 1H, H-2cacrylate, J2c/1=10.5, J2c/2t=
1.2 Hz), 4.34–4.29 (m, 2H, 12-CH2), 3.85 (t, 2H, CH2, JCH2,CH2=6.6 Hz),
3.75–3.72 (m, 2H, CH2), 3.69–3.61 (m, 8H, 4LCH2), 2.90 (t, 2H, 2-CH2,
J2-CH2,3-CH2=JCH2gem=6.0 Hz), 2.83 ppm (br s, 4H, CH2-NHS);


13C NMR
(125 MHz, CDCl3): d = 168.92 (C=O-NHS), 166.69 (1-C=O), 166.14 (11-
C=O), 130.92, 128.31, 70.73, 70.64, 70.60, 70.55, 69.09, 32.17, 25.61,
25.57 ppm; ESI HRMS: m/z : calcd for C16H23NO9Na: 396.1265; found:
396.1262.


bMan3-acrylate 5 : In a 2 mL-Eppendorf tube bMan3-amine I[24] (30 mg,
0.0482 mmol) and linker 1 (34.5 mg, 0.0925 mmol, 1.9 equiv) were com-
bined in aqueous borate buffer (1 mL; Na2B407·12H2O/H3BO3; 0.02m,
pH 8.1), and the solution was tumbled at ambient temperature for
35 min. Subsequently, the mixture was filtered over a syringe filter (Milli-
pore Millex; LCR PTFF 0.45 mM), and the title compound (31.3 mg,
0.0357 mmol, 74%) was isolated by preparative RP-HPLC (Phenomenex
Luna C18(2), acetonitrile/water 5:95!50:50, 65 min, tR=31.7 min);
1H NMR (600 MHz, D2O): d = 6.47–6.34 (m, 1H, H-2cacrylate), 6.25–6.19
(m, 1H, H-1acrylate), 6.02–5.98 (m, 1H, H-2tacrylate), 4.93 (s, 1H, H-1’’), 4.89
(s, 1H, H-1’), 4.73 (s, 1H, H-1), 4.36–4.31 (m, 3H, 12-CH2 linker {4.34}, H-2’
{4.33}), 4.23- 4.20 (m, 1H, H-2), 4.15–4.12 (m, 1H, H-2’’), 4.00–3.94 (m,
1H, OCH2aCH2CH2-S-), 3.93–3.88 (m, 3H, H-6a, H-6a’, H-6a’’), 3.84–
3.63 (m, 19H, 3-CH2 linker {3.77}, H-6b’, H-6b’’ {3.74}, H-6b {3.73},
OCH2bCH2CH2-S- {3.70}, H-3 {3.67}, 6LCH2 linker), 3.63–3.53 (m, 4H, H-
3’ {3.61}, H-3’’ {3.61}, H-4’ {3.59}, H-4’’ {3.58}), 3.48 (dd, 1H, H-4, J3,4 �
J4,5 �10.2 Hz), 3.44–3.38 (m, 2H, S-CH2CH2-NH), 3.38–3.31 (m, 3H, H-5
{3.36}, H-5’’ {3.35}, H-5’ {3.34}), 2.73–2.61 (m, 4H, S-CH2CH2-NH {2.70},
OCH2CH2CH2-S- {2.66}), 2.52 (t, 2H, 2-CH2 linker, J=6.0 Hz), 1.95–
1.86 ppm (m, 2H, OCH2CH2CH2-S-);


13C NMR (150 MHz, D2O, chemical
shifts taken from HSQC): d = 133.7 (C-2acrylate), 128.5 (C-1acrylate), 102.2
(C-1’), 101.7 (C-1’’), 101.1 (C-1), 79.7 (C-2), 79.1 (C-2’), 77.3 (C-5, C-5’,
C-5’’), 73.8, 73.3 (C-3’, C-3’’), 72.9 (C-3), 71.3 (C-2’’), 70.6 (6LOCH2 linker),
69.5 (C-6’, O-CH2CH2CH2-S), 68.4 (C-4), 67.8 (C-4’, C-4’’), 67.7 (3-
CH2 linker), 64.9 (12-CH2 linker), 61.9 (2C, C-6, C-6’’), 39.7 (S-CH2CH2-NH),
37.1 (2-CH2 linker), 31.6 (S-CH2CH2-NH), 29.9 (OCH2CH2CH2-S),
29.0 ppm (OCH2CH2CH2-S); MALDI-TOF-MS (positive, DHB): m/z :
calcd for C35H61NO22SNa: 902.9; found: 903.0 [M+Na]+ .


GM2-acrylate 6 : A solution of GM2-amine II (5.1 mg, 0.0058 mmol) in
aqueous borate buffer (1 mL; 0.02m, pH 8.1) was added to heterobifunc-
tional linker 1 (4.6 mg, 0.0123 mmol, 2.1 equiv). The mixture was vor-
texed for 5 min and subsequently the solution was tumbled for 35 min at
room temperature, filtered over a syringe filter (Millipore Millex; LCR
PTFF 0.45 mM), and injected into a preparative HPLC system. The de-
sired GM2 analogue 6 (5.2 mg, 0.00457 mmol, 79%) was isolated using an
acetonitrile/water gradient and obtained as colorless lyophilisate after
freeze-drying. tR=27.0 min (Phenomenex Jupiter C12, acetonitrile/water
+ 0.1% TFA 5:95!50:50, 65 min); 1H NMR (600 MHz, D2O): d =


6.46–6.42 (m, 1H, H-2cacrylate), 6.21 (dd, 1H, H-1acrylate, J1/2t=17.4, J1/2c=


10.8 Hz), 6.01–5.98 (m, 1H, H-2tacrylate), 4.71 (d, 1H, H-1GalNAc, J1/2=
8.6 Hz), 4.51 (d, 1H, H-1Gal, J1/2=7.8), 4.48 (d, 1H, H-1Glc, J1/2=7.8 Hz),
4.36–4.33 (m, 2H, CH2-OC(O)-), 4.14 (dd, 1H, H-3Gal, J3,2=9.8, J3,4=
3.4 Hz), 4.09 (d, 1H, H-4Gal, J4,3=2.9 Hz), 3.98–3.93 (m, 2H,
-OCH2aCH2N-{3.97}, H-6aGlc {3.95}), 3.92–3.87 (m, 1H, H-2GalNAc {3.90}),
3.86 (dd, 1H, H-9aNeuNAc, J9a,9b=12.0, J9a,8=2.2 Hz), 3.83–3.55 (m, 29H,
11-CH2 linker {3.81}, H-5NeuNAc {3.80}, -OCH2bCH2N-{3.79}, H-4NeuNAc
{3.78}, H-4GalNac {3.77}, H-6bGlc {3.76}, H-3GalNac {3.68}, H-4Glc, H-3Glc {3.65},
5LCH2 linker, H-9bNeuNAc {3.61}, H-5Glc {3.59}, H-7NeuNAc, H-8NeuNAc, H-
5GalNac, H-6GalNac, H-5Gal, H-6Gal), 3.49 (dd, 1H, H-6NeuNAc, J6,5=10.1, J6,7=


1.9 Hz), 3.48–3.38 (m, 2H, 3.36 (dd, 1H, H2Gal, J2,1=8.1, J2,3=9.7 Hz),
3.31 (t, 1H, H-2Glc, J2,1=J2,3=8.4 Hz), 2.66 (dd, 1H, H-3eqNeuNAc; J3e/3a=
12.6, J3/4=4.7 Hz), 2.53 (t, 2H, 2-CH2 linker, J2,3=6.2 Hz), 2.02, 2.00 (2L
s, 2L3H, N(O)CH3), 1.92 ppm (t, 1H, H-3axNeuNAc, J3a/3e=J3/4=12.0 Hz);
13C NMR (150 MHz, D2O, chemical shifts taken from HSQC, HMBC): d


= 133.6 (C2acrylate), 128.4 (C1acrylate), 103.7 (2C, C1GalNAc, C1Gal), 103.2
(C1Glc), 38.2 (C3NeuNAc); MALDI-TOF-MS (positive, DHB): m/z : calcd
for C45H75N3O30Na: 1161.1; found: 1160.9 [M+Na]+ .


HS-(CH2)2-Asn-Glu-Asp-Gln-Lys-Ile-Gly-Ile-Glu-Ile-Ile-Lys-Arg-Ala-
Leu-Lys-Ile-OH (HS-p458m) (9): Starting from Fmoc-Ile-OH preloaded
TentaGel R resin 7 (588 mg, 0.1 mmol, substitution: 0.17 mmolg�1, Rapp
Polymere, Germany) the solid-phase peptide synthesis was carried out on
an automated Perkin Elmer ABI 433 A peptide synthesizer using Fmoc
chemistry (protocol, see Supporting Information). Upon completion of
the amino acid sequence and removal of the N-terminal Fmoc group
with piperidine (20% in NMP), S-trityl-b-mercaptopropionic acid (8) (2L
348.4 mg, 1 mmol) was attached in a standard double coupling. For the
cleavage procedure under simultaneous removal of the acid-labile side-
chain protecting groups, the resin was placed into a Merrifield glass reac-
tor, washed with dichloromethane (3L15 mL) and treated with a mixture
of TFA (7.5 mL), water (0.45 mL) and triisopropylsilane (0.45 mL) for
2.5 h. After filtration, the resin was washed with TFA (3L3 mL), and the
combined filtrates were concentrated in vacuo and co-evaporated with
toluene (3L15 mL). The peptide was precipitated by addition of cold
(0 8C) diethyl ether (15 mL) to furnish a colorless solid, which was re-
peatedly washed with diethyl ether. The crude product was purified by
preparative RP-HPLC (Phenomenex Jupiter C12, acetonitrile/water +


0.1% TFA 5:95!50:50, 60 min, l=212 nm, tR=36 min) to give the thiol
modified peptide 9 (87 mg, 0.042 mmol, 42%) as a colorless solid after
lyophilization. MALDI-TOF-MS (positive, DHB): m/z : calcd for
C91H162N25O27S: 2069.18; found: 2069.94 [M+H]+ .


bMan3-(CH2)3S ACHTUNGTRENNUNG(CH2)2NHCO ACHTUNGTRENNUNG(CH2CH2O)4CO ACHTUNGTRENNUNG(CH2)2S ACHTUNGTRENNUNG(CH2)2-Asn-Glu-
Asp-Gln-Lys-Ile-Gly-Ile-Glu-Ile-Ile-Lys-Arg-Ala-Leu-Lys-Ile-OH
(bMan3-p458m) (10): To Man3-acrylate 5 (1.75 mg, 1.98 mmol) was added
a solution of HS-p458m peptide 9 (4.10 mg, 1.98 mmol) in Tris·HCl buffer
(1.5 mL; 0.05m Tris, 1 mm EDTA; pH 8.9) under an argon atmosphere.
The mixture was sonicated for 5 min to afford complete dissolution and
tumbled for 4 h. Subsequently, the mixture was filtered over a syringe
filter (Millipore Millex; LCR PTFF 0.45 mM), and injected directly into
an HPLC system. The target conjugate 10 (4.12 mg, 1.41 mmol, 71%) was
isolated employing an acetonitrile/water gradient (Phenomenex Luna
C18(2), acetonitrile/water + 0.02% TFA 15:85!50:50, 65 min) and ob-
tained as a colorless amorphous solid after lyophilization. Analytical
HPLC: tR=17.4 min (Phenomenx Luna C18(2), acetonitrile/water +


0.02% TFA 15:85!50:50, 25 min); MALDI-TOF-MS (positive, HCCA):
m/z : calcd for C126H223N26O49S2: 2950.4; found: 2950.1 [M+H]+ .


GM2-(CH2)3S ACHTUNGTRENNUNG(CH2)2NHCO ACHTUNGTRENNUNG(CH2CH2O)4COACHTUNGTRENNUNG(CH2)2S ACHTUNGTRENNUNG(CH2)2-Asn-Glu-Asp-
Gln-Lys-Ile-Gly-Ile-Glu-Ile-Ile-Lys-Arg-Ala-Leu-Lys-Ile-OH (GM2-
p458m) (11): In a 2 mL-Eppendorf tube GM2-acrylate 6 (1.5 mg,
1.318 mmol) and HS-p458m 9 (2.72 mg, 1.318 mmol) were combined in a
Tris·HCl buffer system (1.5 mL; 0.05m Tris, 1 mm EDTA; pH 8.9). The
mixture was sonicated for 10 min to facilitate complete dissolution and
subsequently tumbled for 4 h under argon. The solution was filtered over
a syringe filter, and glycopeptide 11 (3.2 mg, 0.099 mmol, 75%) was iso-
lated by preparative RP-HPLC (Phenomenex Luna C18(2), acetonitrile/
water + 0.02% TFA 15:85!50:50, 65 min) and obtained as a colorless
solid after lyophilization. Analytical HPLC: tR=17.8 min (Phenomenex
Luna C18(2), acetonitrile/water + 0.02% TFA 5:95!50:50, 25 min);
MALDI-TOF-MS (positive, HCCA): m/z : calcd for C136H237N28O57S:
3206.6; found: 3206.5 [M+H]+ .


TrtS-(CH2)2-Asn ACHTUNGTRENNUNG(Trt)-Glu ACHTUNGTRENNUNG(OtBu)-Asp ACHTUNGTRENNUNG(OtBu)-Gln ACHTUNGTRENNUNG(Trt)-Lys ACHTUNGTRENNUNG(Boc)-Ile-Gly-
Ile-Glu ACHTUNGTRENNUNG(OtBu)-Ile-Ile-Lys ACHTUNGTRENNUNG(Boc)-Arg ACHTUNGTRENNUNG(Pmc)-Ala-Leu-Lys ACHTUNGTRENNUNG(Boc)-Ile-Lys-
TentaGel R (13): The p458m amino acid sequence was assembled on
solid phase starting from Fmoc-Lys ACHTUNGTRENNUNG(ivDde)-OH functionalized TentaGel
R resin 12 (0.1 mmol, substitution: 0.17 mmolg�1) in an ABI 433 A pep-
tide synthesizer as described above. Upon completion of the peptide se-
quence and removal of the N-terminal Fmoc group, S-trityl-b-mercapto-
propionic acid 8 (2L348.4 mg, 1 mmol) was attached in a standard


Chem. Eur. J. 2008, 14, 5908 – 5917 C 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5915


FULL PAPERGlycoconjugate Vaccines



www.chemeurj.org





double coupling, and the resin was extensively washed with NMP and di-
chloromethane. The resin-bound peptide was transferred into a Merri-
field glass reactor, washed with DMF (3L5 mL) and treated with a 3.5%
(relative to anhydrous hydrazine) solution of hydrazine monohydrate in
DMF (3 mL) for 5 min. The resin was filtered and the hydrazine treat-
ment was repeated four more times. The progress of the reaction was fol-
lowed by monitoring the UV absorbance of an aliquot of the deprotec-
tion solutions at l =290 nm. Subsequently, the resin was washed with
DMF (5L5 mL) and dichloromethane (3L5 mL), and dried in vacuo to
afford 768 mg of the selectively deprotected resin-bound peptide 13.


HS-(CH2)2-Asn-Glu-Asp-Gln-Lys-Ile-Gly-Ile-Glu-Ile-Ile-Lys-Arg-Ala-
Leu-Lys-Ile-LysACHTUNGTRENNUNG(biotin)-OH (HS-p458m-bio) (14): A portion of resin 13
(268 mg, max. 0.033 mmol) was placed into the ABI A433 peptide syn-
thesizer, and washed with dichloromethane and NMP. The biotinylation
at the selectively deprotected lysine residue was carried out in a double
coupling with extended coupling times of 1 h each employing biotin (2L
244 mg, 2L1 mmol) and the standard activating conditions of the synthe-
sizer (1 mmol HBTU/HOBt, 2 mmol DIPEA in DMF). After extensive
washing with NMP and dichloromethane, the resin was treated in a Mer-
rifield reactor with a cleavage cocktail consisting of TFA (7.5 mL), water
(0.45 mL) and TIS (0.45 mL) for 2.5 h. Subsequently, the resin was fil-
tered and washed with TFA (3L3 mL). The combined filtrates were con-
centrated in vacuo and co-evaporated with toluene (3L15 mL). The pep-
tide was precipitated by addition of cold (0 8C) diethyl ether (10 mL) to
furnish a colorless solid, which was repeatedly washed with diethyl ether.
The crude product was purified by preparative RP-HPLC (Phenomenex
Luna C18(2), acetonitrile/water + 0.1% TFA, 25:75!35:65 + 0.1%
TFA, 65 min, l=212 nm, 32 min) to afford biotinylated building block 14
(30.3 mg, 0.0125 mmol, 38%) as a colorless solid after lyophilization. An-
alytical HPLC: tR=17.1 min (Phenomenex Luna C18(2), acetonitrile/
water + 0.1% TFA 25:75!50:50, 25 min); MALDI-TOF-MS (positive,
sinapinic acid): m/z : calcd for C107H188N29O30S2: 2424.94; found: 2424.99
[M+H]+ .


GM2-(CH2)3S ACHTUNGTRENNUNG(CH2)2NHCO ACHTUNGTRENNUNG(CH2CH2O)4COACHTUNGTRENNUNG(CH2)2S ACHTUNGTRENNUNG(CH2)2-Asn-Glu-Asp-
Gln-Lys-Ile-Gly-Ile-Glu-Ile-Ile-Lys-Arg-Ala-Leu-Lys-Ile-Lys ACHTUNGTRENNUNG(Biotin)-OH
(GM2-p458m-bio) (15): In a Falcon tube GM2-acrylate building block 6
(2.2 mg, 1.93 mmol) and HS-p458m-bio 14 (4.7 mg, 1.94 mmol) were com-
bined in aqueous Tris·HCl buffer (3 mL; 0.05m Tris, 1 mm EDTA;
pH 8.9). The mixture was sonicated for 10 min and subsequently tumbled
for 6 h under argon. The solution was filtered over a syringe filter (Milli-
pore Millex; LCR PTFF 0.45 mM), and the biotinylated glycoconjugate
15 (4.8 mg, 1.35 mmol, 70%) was isolated by preparative RP-HPLC (Phe-
nomenex Luna C18(2), acetonitrile/water + 0.1% TFA, 25:75!35:65 +


0.02% TFA, 65 min, l=212 nm, tR=20.8 min) and obtained as a color-
less solid after lyophilization. Analytical HPLC: tR=13.8 min (Phenom-
enex Luna C18(2), acetonitrile/water + 0.02% TFA 25:55!35:65,
25 min). MALDI-TOF-MS (positive, sinapinic acid): m/z : calcd for
C152H263N32O60S2: 3560.80; found: 3561.61 [M+H]+ .


HS-(CH2)2-Asn-Glu-Asp-Gln-Lys-Ile-Gly-Ile-Glu-Ile-Ile-Lys-Arg-Ala-
Leu-Lys-Ile-Lys(Ac-Val-Gln-Gly-Glu-Glu-Ser-Asn-Asp-Lys-CONH-
(CH2CH2O)2CH2CH2-CO-)-OH (HS-p458m-IL-1b) (16): A portion of
resin 13 (268 mg, max. 0.033 mmol) was placed into the ABI A433 pep-
tide synthesizer, and washed with dichloromethane and NMP. Subse-
quently, spacer amino acid Fmoc-NH-(CH2CH2O)2CH2CH2-COOH (2L
399 mg, 2L1 mmol) was attached to the selectively deprotected lysine
residue in an extended double coupling (90 min per coupling), and the
IL-1b sequence was assembled according to the standard protocol of the
synthesizer (Suppl. Information). The N-terminal Fmoc group was re-
moved with piperidine (20% in NMP), and the amino terminus acetylat-
ed with capping reagent. After washing with NMP and dichloromethane,
the resin was treated in a Merrifield reactor with cleavage cocktail (TFA/
water/TIS 7.5 mL:0.45 mL:0.45 mL) for 2.5 h. Subsequently, the resin was
filtered and washed with TFA (3L3 mL). The combined filtrates were
concentrated in vacuo and co-evaporated with toluene (3L15 mL). The
peptide was precipitated by addition of cold (0 8C) diethyl ether (10 mL)
to furnish a colorless solid, which was repeatedly washed with diethyl
ether. The crude product was purified by preparative RP-HPLC (Phe-
nomenex Luna C18(2), acetonitrile/water + 0.1% TFA, 25:75!35:65,


65 min) to furnish title compound 16 (32.2 mg, 0.0095 mmol, 29%) as a
colorless solid after lyophilization; MALDI-TOF-MS (positive, sinapinic
acid): m/z : calcd for C145H251N40O50S: 3386.85; found: 3386.34 [M+H]+ .


bMan3-(CH2)3S ACHTUNGTRENNUNG(CH2)2NHCO ACHTUNGTRENNUNG(CH2CH2O)4CO ACHTUNGTRENNUNG(CH2)2S-(CH2)2-Asn-Glu-
Asp-Gln-Lys-Ile-Gly-Ile-Glu-Ile-Ile-Lys-Arg-Ala-Leu-Lys-Ile-Lys(Ac-
Val-Gln-Gly-Glu-Glu-Ser-Asn-Asp-Lys-CONH-(CH2CH2O)2CH2CH2-
CO-)-OH (Man3-p458m-IL-1b) (17): In a 2 mL Eppendorf tube Man3-ac-
rylate 5 (1.5 mg, 1.70 mmol, 1.8 equiv) and HS-p458m-IL-1b building
block 16 (3.2 mg, 0.945 mmol) were combined in aqueous Tris·HCl buffer
(600 mL; 0.05m Tris, 1 mm EDTA; pH 8.9). Acetonitrile (200 mL) was
added and the mixture was vortexed for 10 min. The solution obtained
was tumbled gently for 16 h under argon, filtered over a syringe filter
(Millipore Millex; LCR PTFF 0.45 mM), and the three-component-vac-
cine 17 (2.6 mg, 0.61 mmol, 64%) was isolated by preparative RP-HPLC
(Phenomenex Luna C18(2), acetonitrile/water + 0.02% TFA, 25:75!
50:50, 65 min) and obtained as a colorless solid after lyophilization.
Excess Man3-acrylate 5 (0.9 mg, 1.02 mmol, 90% conversion) was re-iso-
lated during HPLC purification. Analytical HPLC: tR=11.6 min (Phe-
nomenex Luna C18(2), acetonitrile/water + 0.02% TFA 25:75!50:50,
25 min). MALDI-TOF-MS (positive, sinapinic acid): m/z : calcd for
C180H312N41O72S2: 4266.7; found: 4266.1 [M+H]+ .


Protein conjugation I (BSA–acrylate 18): Bovine serum albumin (Sigma)
(�10.5 mg, 0.158 mmol) in aqueous borate buffer (1.5 mL;
Na2B407·12H2O/H3BO3; 0.02m, pH 8.1) was added to heterobifunctional
linker 1 (1.5 mg, 4.02 mmol, �25 mol equiv). The mixture was gently tum-
bled for 1.5 h, diluted with milliQ water to a volume of 2.5 mL, applied
to a PD-10 desalting column (GE Healthcare, Sephadex G-25 Medium),
and eluted with milliQ water. A volume of 3 mL was collected to afford
a solution of activated BSA conjugate 18 (c �3.5 mgmL�1 milliQ water).
The protein conjugate solution was stored at �20 8C prior to use.
MALDI-TOF-MS (positive, sinapinic acid): m/z : 70807.5; BSA, m/z:
66341.


O-(5-Acetamido-3,5-dideoxy-d-glycero-a-d-galacto-non-2-ulopyranosyl-
onic acid)-(2!3)-[2-acetamido-2-deoxy-O-b-d-galactopyranosyl-(1!4)]-
O-(b-d-galactopyranosyl)-(1!4)-O-(b-d-glucopyranosyl)-(1!1)-2-(thio-
ACHTUNGTRENNUNGacetamido)ethanol (GM2-SH) (19): Succinimidyl S-acetylthioacetate
(6.15 mg, 26.6 mmol, 5 equiv, Calbiochem) in dimethylsulfoxide (30.8 mL,
c = 10 mg per 50 mL) was added to a solution of GM2-amine II (5 mg,
5.32 mmol) in aqueous borate buffer (1 mL; 0.02m, pH 8.1). The solution
was tumbled for 30 min, filtered over a syringe filter and injected into an
HPLC system. Acetylated intermediate GM2-SAc (2 mg, 2.0 mmol, 38%)
was isolated employing an acetonitrile/water gradient (Phenomenex
Luna C18(2), acetonitrile/water + 0.02% TFA 5:95!20:80, 65 min) and
obtained as a colorless amorphous solid after lyophilization. MALDI-
TOF-MS (positive, DHB): m/z : calcd for C37H61N3O26SNa: 1018.32;
found: 1018.21 [M+Na]+ ; calcd for C37H60N3O26SNa2: 1040.31; found:
1040.19 [M+2Na�H]+ . For the subsequent de-acetylation, GM2-SAc
(1.2 mg, 1.21 mmol) was dissolved in a cleavage mixture (75 mL) consist-
ing of H2NOH (0.5m), sodium phosphate (50 mm), and EDTA (25 mm),
pH 7.5. The solution was tumbled for 2 h and the formed GM2-SH ana-
logue 19 was immediately employed for the protein conjugation without
further purification.


Protein conjugation II (BSA–GM2 20): A portion of BSA–acrylate 18
dissolved in milliQ water (950 mL, c = 3.5 mgmL�1, 0.047 mmol, 0.67 mo-
l equiv based on acrylate loading of 18) was diluted with Tris·HCl buffer
(1550 mL; 0.05m Tris, 1 mm EDTA; pH 8.9), and applied to a PD-10 de-
salting column, which was pre-conditioned with the same buffer. The pro-
tein was eluted with Tris·HCl buffer, and 3 mL were collected. This
BSA–acrylate solution was added to GM2-SH building block 19
(1.21 mmol) in DMSO (75 mL) and tumbled for 8 h. Subsequently, salts
and unbound saccharide were removed with a PD-10 desalting column
and the solution was lyophilized to furnish BSA–GM2 conjugate 20
(3.4 mg) as a colorless solid. MALDI-TOF-MS (positive, sinapinic acid):
m/z : 78216.


Immunization protocol : Two groups of five BALB/c mice were immu-
nized by interperitoneal and subcutaneous injections of vaccine conju-
gates 10 and 17, respectively (10 mg in 100 mL PBS/FreundMs incomplete
adjuvant, 1:1 (homogenized) per injection site). Subsequent injections
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were made interperitoneally and subcutaneously on days 21, 42, 63, 133,
and 154. Mice were bled on day 164 and the sera were isolated by centri-
fugation and stored at �20 8C until antibody screening was performed.
Enzyme-linked immunosorbent assay (ELISA): A Man3-BSA–protein
conjugate[24] (5 mgmL�1 in PBS) and a crude cell wall extract of C. albi-
cans (2ME, 5 mgmL, carbonate buffer, pH 9.8) were used to coat 96-well
microtiter plates (MaxiSorp, Nunc) overnight at 4 8C. The plates were
washed five times with PBST (PBS containing 0.05% (v/v) Tween 20).
Mouse sera were diluted with PBST containing 0.1% BSA. The solutions
were distributed on the coated microtiter plate and incubated at room
temperature for 2 h. The plate was washed with PBST (5L) and goat
anti-mouse IgG antibody conjugated to horseradish peroxidase (Kirke-
gaard & Perry Laboratories; 1:2000 dilution in 0.1% BSA–PBST; 100 mL
per well) was added. The mixture was then incubated for 1 h. The plate
was washed 5L with PBST before adding a 1:1 mixture of 3,3’,5,5’-tetra-
methylbenzidine (0.4 gL�1) and 0.02% H2O2 solution (Kirkegaard &
Perry Laboratories; 100 mL per well). After 10 minutes, the reaction was
stopped by the addition of 1m phosphoric acid (100 mL per well). Ab-
sorbance was read at 450 nm.
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Introduction


In 1999, a new class of organic–inorganic hybrid materials
called periodic mesoporous organosilicas (PMOs) was devel-
oped by three groups working independently.[1–3] The synthe-
sis of this kind of materials can be carried out by hydrolysis
and condensation of bridged organosilsesquioxane precur-
sors [(R’O)3Si-R-Si ACHTUNGTRENNUNG(OR’)3] in the presence of supramolec-
ular structure-directing agents. There are enormous possibil-


ities to deliberately tune the chemical and physical proper-
ties of the PMOs by varying the organic spacer groups of
the organosilica precursors, which makes these materials in-
teresting for applications such as catalysis, adsorption, chro-
matography, or host–guest chemistry.[4,5] The organic bridg-
ing groups of the organosilica precursors that have been suc-
cessfully converted into PMO materials include, for in-
stance, methylene,[6] ethylene,[1,3] ethenylene,[2,3] phenylene,[7]


biphenylene,[8] thiophene,[7,9] and divinylphenylene[10,11] units.
It was also possible to prepare PMOs possessing molecular-
scale periodicity inside the channel walls instead of the
common observed amorphous pore walls as a result of a
highly cooperative process.[12,13] To obtain larger pore sizes
in PMO materials, non-ionic triblock copolymers can be em-
ployed as structure-directing agents instead of the common-
ly used ionic alkylammonium halides.[9,14] Moreover, it was
possible to prepare PMOs with defined morphologies such
as spherical particles, which have proved to be suitable for
chromatography applications.[15] Furthermore, the synthesis
of bifunctional PMO materials has been reported.[16] How-
ACHTUNGTRENNUNGever, so far only a few attempts have been undertaken to
link molecular chirality and organic–inorganic hybrid mate-
rials, which would make these materials even more interest-
ing for potential applications such as enantioselective cataly-
sis or chromatography. Hitherto, either chiral mesoporous
organosilicas with a limited loading of chiral organic groups
(obtained via the co-condensation approach),[17–19] or chiral
organosilicas lacking true periodicity were reported.[20]


Polarz and Kuschel[21] reported on a PMO composed of a
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chiral silsesquioxane precursor; however, neither informa-
tion on the enantiomeric excess of the precursor was given
nor a proof of the chirality of the PMO. Very recently, Ina-
gaki et al. reported the synthesis of a new PMO material
carrying chiral phenylethylene bridging groups, for which
the enantiomeric purity was determined by eluting the or-
ganic groups from the solids.[22] Here we present the synthe-
sis of the completely novel chiral organosilica precursor 1,4-
bis(triethoxysilyl)-2-(1-methoxyethyl)benzene (BTEMEB)
carrying benzylic ether bridging groups, which was used as a
single-source precursor to prepare a homochiral genuine
PMO (see Scheme 1). Furthermore, we demonstrate that
the chirality of the PMO can be directly and in a non-de-
structive way proven by measurements of the optical activi-
ty, which is a novelty for the solid-state.


Results and Discussion


The synthesis of the chiral PMO precursor 1,4-bis(triethoxy-
silyl)-2-(1-methoxyethyl)benzene (BTEMEB) (4) with a
high enantiomeric excess of 88% ee (determined by enan-
tioselective chromatography) was achieved in a four-step re-
action from 1,4-dibromobenzene by using synthesis proce-
dures established in the literature (see Scheme 1). 2,5-Di-
bromoacetophenone (1) was synthesized from 1,4-dibromo-
benzene by Friedel–Crafts acylation[23] followed by an asym-
metric hydrogenation of 1 in the presence of the chiral
ruthenium catalyst 6 to obtain chiral 1-(2,5-dibromophenyl)-
ACHTUNGTRENNUNGethanol (2).[24] The OH group of 2 was methylated by treat-
ment with NaH and CH3I, leading to 1,4-dibromo-2-(1-
methoxyethyl)benzene (3).[25] The last synthesis step leading


to the novel chiral organosilica precursor BTEMEB (4) was
achieved by carrying out a Grignard reaction. The new
chiral benzylic ether-bridged PMO material 5 was prepared
by hydrolysis and condensation of BTEMEB in the presence
of the non-ionic oligomeric surfactant Brij 76 as structure-
directing agent under acidic conditions (see the details of
the synthesis procedures in the Experimental Section).


The powder X-ray diffraction pattern of the solvent-ex-
tracted benzylic ether-bridged PMO material (Figure 1) ex-
hibits one intense Bragg reflection at 2q=1.528, which con-
firms the existence of an ordered mesostructure with an in-
terplanar d spacing of 5.81 nm of the pore arrangement with
approximately uniform pore sizes. The absence of any other
reflections in the low-angle region indicates limited perio-
dicity in the long-range order of the mesopore system. Thus,


it can be assumed that the mes-
ostructure of the material re-
sembles that of the HMS silica
phases.[26] The occurrence of
only one intense reflection indi-
cates the existence of smaller
scattering domain sizes inside
the product compared to those
of typically highly ordered
PMO materials. Furthermore,
the pore wall structure is not
crystal-like as no reflections in
the higher angle region are ob-
served.


The transmission electron mi-
croscope (TEM) image of the
PMO material (Figure 2) also
shows the presence of a worm-
hole-like structure rather than a
2D hexagonal mesostructure as
expected from the XRD pat-
tern. Thus, the mesostructural
order of the product occurs inScheme 1. Synthesis pathway of the PMO precursor BTEMEB as well as the chiral PMO product.


Figure 1. Powder X-ray diffraction pattern of the chiral benzylic ether-
bridged periodic mesoporous organosilica.
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the range between unordered compounds and highly or-
dered periodic mesoporous organosilicas.


The N2 physisorption measurements on the PMO material
reveal an isotherm, which can best be assigned to type IV,
but which also exhibits features of type I, indicating the
presence of both meso- and micropores inside the material
(Figure 3). The isotherm shows a not very distinctive capilla-
ry condensation step at a p/p0 of about 0.22, and further-
more no hysteresis loop is observed that is typical of meso-
porous materials with small pore sizes.[27] The pore size dis-
tribution actually shows the existence of both mesopores
with an average pore diameter of 2.3 nm and also micro-
pores inside the product (Figure 4). The specific surface
area of the PMO is 820 m2g�1 (BET) with a total mesopore
volume of 0.46 cm3g�1.


To confirm the presence of the organic moieties inside the
PMO material, 29Si and 13C MAS NMR spectroscopic meas-
urements were carried out. The 13C CPMAS NMR spectrum
(Figure 5) shows the characteristic signals of the benzylic


ether bridging group, which can be attributed to the C spe-
cies as follows: d=23.8 (Caryl-CH-CH3); 55.9 (O-CH3); 78.5
(Caryl-CH-CH3); 126.6, 130.0, 130.1, 137.1, 145.6, 154.0 ppm
(Caryl). The 29Si CPMAS NMR spectrum (Figure 6) exhibits
three Tn signals, which can be assigned to the following Si
species covalently bonded to the carbon atoms: T1 [C-Si-
ACHTUNGTRENNUNG(OSi)(OH)2, d=�58.4 (2.6%)], T2 [C-SiACHTUNGTRENNUNG(OSi)2(OH), d=


�72.0 (38.8%)], and T3 [C-Si ACHTUNGTRENNUNG(OSi)3, d=�79.3 (43.9%)]. As
Qn signals (n=2–4, d=�92 to �113) only appear with a
proportion of less than 15%, the MAS NMR spectroscopic
measurements clearly indicate that almost all benzylic ether
units are still intact inside the pore walls of the PMO mate-
rial after the synthesis and extraction procedure.


Figure 2. TEM image of the chiral benzylic ether-bridged periodic meso-
porous organosilica.


Figure 3. Nitrogen adsorption/desorption isotherm of the chiral benzylic
ether-bridged periodic mesoporous organosilica.


Figure 4. Pore size distribution of the chiral benzylic ether-bridged peri-
odic mesoporous organosilica.


Figure 5. 13C CPMAS spectrum of the chiral benzylic ether-bridged peri-
odic mesoporous organosilica.
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Figure 7 and Figure 8 depict the results of the optical ac-
tivity measurements of solutions of the precursor BTEMEB
in chloroform and suspensions of the PMO product in etha-


nol/chloroform, respectively. In both cases the rotation
angle Dq depends linearly on the concentration of the chiral
compound, as expected by theory. The specific optical activi-
ty of BTEMEB determined at 633 nm is about
�2008 (dmmLg�1)�1. A value for the specific optical activity
in 8 per dm (8dm�1) of the solid PMO powder can be rough-
ly estimated from the measurements of the corresponding
suspension as follows. We obtain a rotation of the polariza-
tion by 68 for a PMO concentration of 8 mgmL�1 of 1:1 eth-
anol/chloroform from the linear fit to the experimental data
in Figure 8. As the PMO material is floating in the ethanol–
chloroform solution, we assume that its density is the same
as the average density of the ethanol–chloroform mixture,


that is, 1=1.135 gmL�1. Therefore, the concentration of
8 mgmL�1 corresponds to a volume ratio VPMO :Vtot of about
1:110. Furthermore, assuming that the suspension is isotrop-
ic, the effective length of the light path through the PMO,
LPMO, is related to the length of the light path through the
cuvette, Ltot=0.1 dm, by LPMO= (VPMO/Vtot)


1/3·Ltot


�0.021 dm. Finally, we obtain the value of �2758dm�1 for
the specific optical activity at 633 nm for the synthesized
solid PMO product. Our results provide unambiguous proof
that both the precursor BTEMEB and the corresponding
PMO material carrying benzylic ether bridging groups, are
chiral compounds.


Conclusion


In summary, we have synthesized the first chiral PMO mate-
rial bearing benzylic ether bridging groups. The PMO mate-
rial was prepared from the novel chiral organosilica precur-
sor 1,4-bis(triethoxysilyl)-2-(1-methoxyethyl)benzene
(BTEMEB) in the presence of the surfactant Brij 76 as
structure-directing agent. The PMO precursor can be syn-
thesized with an enantiomeric excess of 88% ee. We have
clearly proved the chirality of the organic moieties inside
the organosilica precursor as well as in the PMO material
by measuring the optical activity of the samples. With
regard to potential applications such as enantioselective
chromatography, the chiral PMO product represents a very
promising new kind of periodic mesoporous hybrid material
with interesting adsorption properties, which are still under
further investigation.


Experimental Section


Powder X-ray diffaction measurements : The powder X-ray diffraction
(P-XRD) pattern was recorded at room temperature with a PANalytical
X’Pert PRO diffractometer using filtered CuKa radiation.


Figure 6. 29Si CPMAS spectrum of the chiral benzylic ether-bridged peri-
odic mesoporous organosilica.


Figure 7. Results of the optical activity measurements on the chiral PMO
precursor. Anticlockwise rotation of the polarization plotted against the
PMO precursor concentration as well as the resulting linear fit.


Figure 8. Results of the optical activity measurements of the chiral PMO
material. Anticlockwise rotation of the polarization plotted against the
PMO concentration as well as the resulting linear fit.
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TEM analysis : The transmission electron micrograph was obtained with
a Philips C 30 microscope operating at 300 kV.


N2-physisorption measurements : N2-physisorption data were recorded
with a Quantachrome Autosorb 6 at 77 K. The BET surface area was cal-
culated from p/p0=0.03–0.3 in the adsorption branch, and the BJH pore
size distribution was calculated from the desorption branch.


MAS NMR measurements : The 13C and 29Si NMR measurements were
performed on a Bruker MSL-300 instrument, operating at 7 T, equipped
with a Chemagnetics-Varian 6 mm pencil CPMAS probe. The samples
were spun at 6.0–8.0 kHz under magic angle spinning (MAS) conditions.
The {1H}–29Si CPMAS spectrum was recorded by using a relatively long
cross polarization (CP) contact time of 8 ms, which ensures sufficient po-
larization transfer to all different species of silica; further parameters
were a recycle delay of 5 s and 2000 scans. The 13C NMR measurement
was performed by employing the {1H}–13C CPMAS technique with a CP
contact time of 2 ms, a recycle delay of 15 s and 3000 scans. The typical
p/2-pulse width in the CP experiments was 3.5 ms for 1H. 29Si and 13C
chemical shift values are referenced to solid TSP.


PMO precursor synthesis : 1,4-Bis(triethoxysilyl)-2-(1-methoxyethyl)ben-
zene (BTEMEB) was synthesized in a four-step reaction starting from
1,4-dibromobenzene as follows:


Step 1: Synthesis of 2,5-dibromoacetophenone : The synthesis was carried
out from 1,4-dibromobenzene in accordance with the synthesis protocol
given in reference [23].


Step 2: Synthesis of chiral 1-(2,5-dibromophenyl)ethanol : The synthesis
was carried out following a slightly modified version of the synthesis pro-
tocol given in reference [24]: In a three-necked flask with a condenser,
[RuIICl2-(p-cymene)] (0.37 g, 0.624 mmol), 1S,2S-N-p-tosyl-1,2-diphenyle-
thylenediamine (0.2 g, 1.24 mmol), and triethylamine (2.3 mL) were dis-
solved in 2-propanol (57.5 mL) under an argon atmosphere. After the so-
lution had been heated for 1 h at 85 8C, 2-propanol and triethylamine
were evaporated, whereon the preformed chiral catalyst remained. Then
2,5-dibromoacetophenone (34.6 g, 0.125 mol) and HCOOH/NEt3


(62.1 mL) were added and the solution was stirred for 48 h under ambi-
ent conditions. After addition of saturated NaHCO3 (100 mL), the crude
product was extracted with ethyl acetate, and the organic layer was dried
over MgSO4. The ethyl acetate was evaporated, and the crude product
was distilled in vacuo to obtain chiral 1-(2,5-dibromophenyl)ethanol
(28.4 g, 0.102 mol, yield: 81%). 1H NMR (400 MHz, CDCl3): d=1.43 (d,
J=6.4 Hz, 3H, Caryl-CH-CH3), 2.47 (s, 1H, -OH), 5.13 (q, J=6.4 Hz, 1H,
CAryl-CH-CH3), 7.44–7.64 ppm (m, 3H, Caryl-H); 13C NMR (100 MHz,
CDCl3): d=23.7 (Caryl-CH-CH3), 68.7 (Cayl-CH-CH3), 121.4, 122.0, 128.0,
130.9, 134.9, 143.8 (Caryl).


Step 3: Synthesis of chiral 1,4-dibromo-2-(1-methoxyethyl)benzene : The
synthesis was carried out following a slightly modified version of the syn-
thesis protocol given in reference [25]: In a three-necked flask with a
condenser, chiral 1-(2,5-dibromophenyl)ethanol (28.4 g, 0.102 mol) was
dissolved in THF (305 mL) under an argon atmosphere, and then NaH
(6.1 g, 0.15 mol, 55–65%) was added. After addition of methyl iodide
(25.4 mL, 0.406 mol), the resulting suspension was stirred for 20 h under
ambient conditions. Then the THF was evaporated and the crude product
was extracted with dichloromethane. After the organic layer had been
dried over MgSO4, the dichloromethane was evaporated, and the remain-
ing crude product was distilled in vacuo to obtain chiral 1,4-dibromo-2-
(1-methoxyethyl)benzene (24.5 g, 0.083 mol, yield: 82%). 1H NMR
(400 MHz, CDCl3): d=1.37 (d, J=6.4 Hz, 3H, Caryl-CH-CH3), 3.25 (s,
3H, -O-CH3), 4.65 (q, J=6.4 Hz, 1H, CAryl-CH-CH3), 7.34 (d, J=8.3 Hz,
1H, Caryl-H), 7.47 (d, J=8.3 Hz, 1H, Caryl-H), 7.68 ppm (s, 1H, Caryl-H);
13C NMR (100 MHz; CDCl3): d=23.7 (Caryl-CH-CH3), 56.8 (-O-CH3),
77.9 (Cayl-CH-CH3), 121.1, 122.9, 128.2, 131.2, 134.7, 142.1 ppm (Caryl).


Step 4: Synthesis of the PMO precursor 1,4-bis(triethoxysilyl)-2-(1-me-
thoxyethyl)benzene (BTEMEB): In a three-necked flask with a condens-
er and dropping funnel under an argon atmosphere, a mixture of TEOS
(88.6 g, 0.426 mol), THF (65 mL), magnesium turnings (3.1 g 0.129 mol),
and a small crystal of iodine was heated to 95 8C, and then a solution of
chiral 1,4-dibromo-2-(1-methoxyethyl)benzene (12.5 g, 0.0425 mol) in
THF (22 mL) was added dropwise over 2 h. After the mixture had been
refluxed for an additional 3.5 h, THF was evaporated in vacuo, and


hexane (150 mL) was added. The precipitated magnesium salts were re-
moved by filtration under an argon atmosphere, and then hexane and re-
sidual TEOS were evaporated. The remaining brown crude product was
distilled in vacuo to obtain BTEMEB (6.7 g, 0.0146 mol, yield: 34%) as a
colorless oil. The ee value of BTEMEB was determined to 88% by ena-
tioselective gas chromatography. 1H NMR (400 MHz, CDCl3): d=1.26 (t,
J=7.11 Hz, 18H, O-CH2-CH3), 1.41 (d, J=6.23 Hz, 3H, Caryl-CH-CH3),
3.22 (s, 3H, O-CH3), 3.89 (q, J=7.11 Hz, 12H, O-CH2-CH3), 4.79 (q, J=


6,23 Hz, 1H, Ar-CH-CH3), 7.56 (d, J=7.68 Hz, 1H, Caryl-H), 7.77 (d, 1H,
J=7.68 Hz, Caryl-H) 8.04 ppm (s, 1H, Caryl-H); 13C NMR (100 MHz;
CDCl3): d=16.9 (O-CH2-CH3), 22.9 (Caryl-CH-CH3), 54,9 (O-CH2-CH3),
57.4 (O-CH3), 77.2 (Cayl-CH-CH3), 123.2, 127.0, 127.2, 136.2, 141.2,
151.9 ppm (Caryl).


PMO synthesis : The chiral PMO material was synthesized as follows: In
a typical synthesis, Brij 76 (0.23 g, 0.32 mmol) was dissolved in a mixture
of 2m HCl (8.3 g, 0.014 mol) and distilled water (1.7 g, 0.094 mol). After
addition of BTEMEB (0.77 g, 1.7 mmol), the reaction mixture was kept
for 20 h at 50 8C under vigorous stirring. After additional hydrothermal
treatment for 24 h at 90 8C in a teflon-lined stainless steel autoclave, the
obtained white precipitate was filtered, washed with distilled water (3P
50 mL), and dried in air overnight. Removal of the surfactant was accom-
plished by extraction with a mixture of ethanol/HCl (conc.) (100:3 v/v)
using a Soxhlet apparatus for 48 h with subsequent drying of the product
in air. The molar ratios of the components in the reaction mixture were:
BTEMEB/Brij 76/HCl/H2O=1:0.19:8.24:55.


Optical activity measurements : The optical activity, that is, the rotation
of the polarization of linearly polarized light passing through the sample,
was measured by a difference method as depicted schematically in
Figure 9. The light of a HeNe laser (633 nm) was linearly polarized to an


angle q of 458 with respect to the horizontal x-direction using the linear
polarizer. The laser was modulated at 8 kHz using an optical chopper to
enable the lock-in detection technique. The light then passed through the
sample in a cuvette at normal incidence, and then through an iris dia-
phragm, which was used to suppress scattered light. Next, a Wollaston
prism spatially separated the polarized light into a horizontally polarized
component (x-component of the electric field vector Ex) and a vertically
polarized component (y-component of the electrical field Ey). The differ-
ence in intensity of the two corresponding beams, Ix= jEx j 2 and
Iy= jEy j 2, was measured by a pair of identical, balanced photodiodes by
using the lock-in technique. A sample which is optically active changes
the polarization angle by Dq. Thus Equation (1) holds:


tan2q ¼ Iy
Ix


ð1Þ


where q is the angle between the x-direction and the polarization direc-
tion of the light after passing the sample. Expanding Equation (1) into a
Taylor series about q=458 (= p/4) yields Equation (2):


Figure 9. Experimental setup for the measurements of the optical activity.
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Iy
Ix
¼ tan2


�
p


4
þ Dq


�
� 1þ 4 � Dq ð2Þ


and thus for Dq, in degrees, Equation (3) holds:


Dq ¼ Ix�Iy
4 Ix


� 180 	


p
ð3Þ


The chiral benzylic ether-bridged PMO product is of powder form. Thus
its optical activity is difficult to measure because multiple scattering
within the powder leads to a loss of polarization. This effect can be mini-
mized by making a suspension of the powder with a non-chiral solvent of
preferably the same refractive index. In this experiment a 1:1 mixture of
ethanol/chloroform was used. The optical activity of the suspension was
then measured with the latter inside a cuvette, where interfaces between
air–cuvette–suspension are well defined, and, therefore, normal incidence
of the light on the sample can be realized. Usually the refractive index
matching between the constituents of a suspension is not perfect, that is,
multiple scattering by the solid particles in the suspension still takes
place. One preferentially detects photons which are still on axis, that is,
mostly have gone through scattering events at normal incidence only by
using a laser as the light source and the iris diaphragm after the sample
as mentioned above. The high sensitivity of the differential measurement
in combination with lock-in technique allows a very short optical path
through the sample. Here, a 1 cm optical path is used to detect the opti-
cal activity, compared to the 10 cm used in standard set-ups. We mea-
sured a series of different concentrations of solutions of the precursor in
chloroform and suspensions of the PMO product in ethanol/chloroform,
respectively, to verify the linear dependence of the rotation of the polari-
zation on the concentration of the chiral compounds. Prior, to each mea-
surement the two photodiodes were balanced, that is, the difference
signal was set to zero with an empty cuvette in the place of the sample.
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Regulation of the Near-IR Spectral Properties of Individually Dissolved
Single-Walled Carbon Nanotubes in Aqueous Solutions of dsDNA
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Introduction


Since their discovery in 1991,[1] carbon nanotubes (CNTs)
have been at the forefront of nanoscience and nanotechnol-
ogy because of their remarkable electrical, mechanical, ther-
mal, and optical properties.[2–8] Their potential applications
are, however, often limited because of their insolubility in
many solvents due to strong internanotube van der Waals
forces. Therefore, strategic approaches to the solubilization
of CNTs are important for realizing the potential applica-
tions of CNTs.[9–13] The combination of CNTs and DNA (or
RNA) is of great interest in many chemical and biochemical
areas. We have already reported the finding that single-
walled carbon nanotubes (SWNTs) dissolve in aqueous solu-
tions of double-stranded DNA (dsDNA).[14] The method is
quite simple: SWNTs are placed in an aqueous solution of
dsDNA and then sonicated with a bath-type sonicator at


temperatures below 10 8C to produce SWNT/dsDNA solu-
tions/dispersions that are stable for more than six months
upon storage at 5 8C.[14] We later showed that electrochemi-
cal deposition of SWNT–dsDNA complexes by poly(ethyl-
ACHTUNGTRENNUNGenedioxythiophene) (poly ACHTUNGTRENNUNG(EDOT)) on an indium tin oxide
(ITO) electrode is possible.[15]


A number of groups have now used this procedure in
their studies of various dsDNA and CNT structures. Barisci
et al.[16] fabricated SWNT/dsDNA fibers that were mechani-
cally strong and conductive, and that exhibited useful capac-
itance values of up to 7.2 Fg�1. Iijima et al.[17] produced
high-resolution TEM and STM images of dsDNA/multi-
walled CNTs. Gladchenko et al.[18] characterized fragmented
dsDNA-wrapped SWNTs in aqueous solutions. He and
Bayachou[19] described the layer-by-layer fabrication and
characterization of dsDNA-wrapped SWNT particles. Prato
and co-workers[20] described the binding of plasmid DNA
onto functionalized CNTs in the construction of CNT-based
gene-transfer vector systems. Dordick and co-workers[21] re-
ported in vitro transcription and protein translation from
CNT/DNA assemblies. Coleman and co-workers[22] reported
the spontaneous dispersion of SWNTs by dsDNA.
At the same time as we published our report on the solu-


bilization of SWNTs by dsDNA, Zheng and co-workers[23,24]
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showed that single-stranded DNA (ssDNA) also solubilizes
SWNTs. Many papers describing the properties of SWNT/
ssDNA composites have since been published. One interest-
ing finding was the ability to separate metallic and semi-con-
ducting SWNTs by using size-exclusion chromatography.[25]


Molecular modeling of SWNT/ssDNA composites suggests
that ssDNA can bind to SWNTs through p-stacking, which
results in the helical wrapping of SWNTs.[23] Zhao and John-
son[26] reported a molecular dynamics simulation of DNA
adsorption on a SWNT in an aqueous environment. A bind-
ing model for a (10,0) SWNT wrapped in poly(T) has been
reported and the binding of ssDNA to SWNTs has been
probed by flow linear dichroism.[27,28] Detailed optical prop-
erties, including near-IR absorption and photoluminescence
(PL) properties, and a Raman study of CoMoCAT-SWNT/
ssDNA hybrids have been reported.[29,30] Very recently,
Fagan et al.[31] described length-dependent optical effects in
SWNTs dissolved in ssDNA (30-mer). SWNT/ssDNA solu-
tions have been used to explore the solution redox chemis-
try of CNTs,[32] photoinduced charge transfer to an Ag+/
DNA/CNT complex,[33] and electrocatalytic oxidation.[34]


Phonon-assisted excitation dynamics for (6,5)-enriched
ssDNA-wrapped SWNTs have been discussed theoretical-
ly.[35,36] The adsorption behavior of ssDNA-wrapped SWNTs
on substrates has been examined by reflection absorption
FTIR and Raman spectroscopy and by XPS.[37] Recently,
Strano and co-workers[38] reported that the optical detection
of DNA conformational polymorphism on SWNTs is possi-
ble. Li et al.[39] showed that CNTs selectively destabilize
duplex and triplex DNA and induced a B–A transition in so-
lution. DNA-immobilized aligned carbon nanotubes have
been shown to be important for sensing complementary
DNA and/or target DNA chains of specific sequences with a
high sensitivity and selectivity.[40] Fantini et al.[41] character-
ized GT-DNA oligomer-wrapped SWNTs by Raman and op-
tical spectroscopy and revealed different interactions for
semi-conducting and metallic SWNTs. Chou et al.[42] de-
scribed in detail the length characterization of ssDNA-wrap-
ped SWNTs by using Raman spectroscopy. Recently, race-
mic SWNTs were found to exhibit circular dichroism when
wrapped with ssDNA oligomer d(GT)20.


[43] Golovchenko
and co-workers[44] measured the optical absorbance spectra
of SWNTs dispersed by ssDNA homopolymers and found
that the anisotropic absorbance of SWNTs leads to a large
anisotropic hypochromicity in the attacked DNA bases. We
have constructed multilayer assemblies with alternating
monolayers of poly(G)- and poly(C)-wrapped SWNTs on
quartz based on the complementary base-pairing between
nucleic bases G and C, which have applications in a wide
range of fields of nanoscience and technology.[45] SWNT/
ssDNA (RNA) solutions can be used as materials for gene
and protein delivery and nanotherapy.[46] Onoa et al.[47] re-
ported that DNA ACHTUNGTRENNUNG(RNA)/CNT hybrids are playing an impor-
tant role in the rapid development of nanotechnologies.
Douglas et al. reported SWNT/ssDNA-induced alignment of
membrane proteins for NMR structure determination.[48]


Deng and co-workers[49] reported that ssDNA-wrapped


SWNTs can serve well as rigid templates for the self-assem-
bly of gold nanoparticles. Mao and co-workers[50] fabricated
nanohybrids of ssDNA-wrapped SWNTs and DNA-modi-
fied gold nanoparticles by using DNA hybridization meth-
ods.
Herein we describe the regulation of the near-IR optical


properties of individually dissolved SWNTs in aqueous solu-
tions of dsDNA. Near-IR PL mapping of individually solubi-
lized SWNTs in pure water showed only one spot from the
(6,5) SWNTs, and their PL behavior dramatically changed
with pH. A possible mechanism for the tunable near-IR op-
tical behavior is presented. The fine structures of dsDNA-
wrapped SWNTs revealed by atomic force microscopy are
also described.


Results and Discussion


Fine structures of SWNT/dsDNA : We have already report-
ed an AFM image of an aqueous solution of SWNT/
dsDNA[14] and Zhao and co-workers[51] have reported an
AFM image of dsDNA-wrapped SWNTs. Here we show the
fine structures of an aqueous solution of SWNT/dsDNA,
which were obtained by atomic force microscopy (AFM).
Typical images are shown in Figure 1. The magnified images
shown in Figure 1B,C strongly suggest that the SWNTs are
wrapped by the DNA. As shown in Figure 1C, the heights of
the tubes were found to range from 1.4 to 2.4 nm, which in-
dicates the existence of individually dissolved SWNTs in so-


Figure 1. Typical AFM images on mica of the SWNTs dissolved in an
aqueous solution of dsDNA. Figure 1C shows the height profile of the
AFM image of the solution together with the AFM image. The Images
A, B, and C were produced with a Veeco, a NanoScope IIIa (phase
mode), and a Shimadzu Nanosearch Microscope SFT-3500 (dynamic
mode), respectively (for details, see the Experimental Section).
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lution because the diameter of the SWNTs used is �0.7–
1 nm and the thickness of the dsDNA is 1.5 nm. A schemat-
ic illustration of the DNA-wrapped SWNTs is shown in
Figure 2. The weak interaction between the major (and/or
minor) grooves of the DNA and the nanotubes might con-
tribute to the dissolution.


Modulation of the near-IR optical properties of SWNTs in
solutions of dsDNA


Spectral properties of HiPco-SWNTs in Milli-Q water : The
characteristic absorption bands in the near-IR region due to
the interband transition between the mirror image spikes in
the density of states (DOS) of the SWNTs are a powerful
way to characterize the optical properties of SWNTs. Weis-
man and co-workers[52] reported that raw SWNTs dissolved
in an aqueous micelle of sodium dodecyl sulfate (SDS) indi-
vidually showed photoluminescence (PL) in the near-IR
region. Since their report, considerable attention has been
focused on this unique optical behavior.[53] Figure 3A
(dotted line) and B show the near-IR absorption and 2D-PL
mapping (2D excitation/emission contour map) image of
HiPco-SWNTs dissolved in pure water, respectively. We see
characteristic absorption spectral features in the near-IR
region that indicate the existence of metallic and semicon-
ducting SWNTs. Note that the PL-mapping image revealed
that only SWNTs with the chirality index (6,5) strongly fluo-
resce. The data imply the following three possibilities, that
is, that the DNA in Milli-Q water 1) individually solubilizes
only (6,5) SWNTs, 2) individually solubilizes only (6,5)
SWNTs whereas the SWNTs with other chirality indices are
dispersed as bundled structures, or 3) individually solubilizes
the SWNTs with many chirality indices, but the PL from
SWNTs with chiral indices other than (6,5) is quenched. To
reveal which is the real situation, we added an aqueous solu-
tion of sodium hydroxide to the SWNT/dsDNA solution;
the result is shown in Figure 3A (solid line) and C and sug-
gests that the third possibility is the real one. To characterize
the mechanism of the NIR absorption bleaching and PL
quenching of the SWNT/dsDNA solutions in detail, we con-
ducted experiments in buffer solutions.


Optical properties of HiPco-SWNTs in buffer solutions : Tris-
EDTA TE buffer solutions are widely used in dsDNA stud-


ies. In Figure 4A (solid line) and B, we show, respectively,
the NIR absorption spectra and 2D-PL-mapping image for
HiPco-SWNTs in a TE buffer solution (pH 8.0). The results
are quite different to those obtained in pure water (shown
in Figure 4A, dotted line for comparison). In the TE buffer
solution we see well-resolved near-IR bands in the range
1000–1200 nm, which arise from the first semi-conducting
band of the SWNTs, and the existence of SWNTs with chir-
ality indices of (6,5), (7,5), (7,6), (8,4), (9,4), and (10,2).


Optical properties of CoMoCAT-SWNTs : A similar experi-
ment using CoMoCAT-SWNTs in place of HiPco-SWNTs
was carried out and the results obtained are shown in
Figure 5. In pure water, the peak seen at 1272 nm in the
buffer was bleached and those at around 1127, 1035, and
984 nm decreased. In pure water, again the PL mapping
shows fluorescence only from CoMoCAT-SWNTs with the


Figure 2. Schematic drawing of a dsDNA-wrapped SWNT.


Figure 3. A) Vis/NIR absorption spectra (dotted line: pure water; solid
line: alkaline solution at pH 8.7) and PL mapping images of HiPco-
SWNTs dissolved in a solution of dsDNA in B) pure water and C) an al-
kaline solution.
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chirality index (6,5) (Figure 5B), whereas in TE buffer, we
see both (6,5) and (7,5) chirality indices in the PL-mapping
image (Figure 5C). Because CoMoCAT-SWNTs are rich in
the (6,5) and (7,5) chirality indices, the result is understand-
able.


pH dependence : Figures 6 and 7 show the near-IR absorp-
tion spectra and the PL-mapping images of HiPco-SWNT/
DNA in phosphate buffers at specific pH values. The near-
IR absorption spectrum at pH 5.8 shows peaks at 984, 1031,
and 1120 nm in the first semiconducting bands, which
changed drastically at pH 6.4, that is, peaks appeared at 984,
1043, 1132, 1193, and 1268 nm. The spectra obtained at
pHs 7.0 and 8.0 are similar to that at pH 6.4, that is, the
near-IR absorption spectral change occurred at around
pH 6. The PL-mapping images also show a strong pH de-
pendence. As can be seen in Figure 7, we only see one spot
at pH 5.8, which is from the (6,5) SWNTs, and at pH 6.4 we
observed the spot from the (6,5) SWNTs together with a
weak emission spot from the (8,4) SWNTs. A drastic change
in the PL-mapping image occurred at pH 7.0, with emission
spots from SWNTs with chirality indices of (6,5), (7,5), (7,6),
(8,4), (9,4), and (10,2). Similar behavior was observed at
pH 8.0. Note that the pH at which the near-IR absorption
spectra and PL-mapping images change are different. Zhao
and co-workers[54] briefly described the pH response of the
near-IR absorption spectra of HiPco-SWNTs dissolved in an
aqueous solution of dsDNA (salmon testes). However, they
did not describe the PL data of the solutions. Their near-IR


absorption spectra resemble ours, but the S11 band struc-
tures are much sharper in ours and the pH dependence is
somewhat different. Very recently, Wang and Chen[55] re-
ported the pH response of the near-IR absorption spectra of
an aqueous solution of poly ACHTUNGTRENNUNG(l-lysine)/SWNTs, whereas the
pH dependence of the PL spectra was not as drastic as with
our SWNT/dsDNA system.
The pH dependence of the CoMoCAT-SWNTs was simi-


larly examined and the results are shown in Figure 8 and
Figure 9. It was found that the pH-dependent near-IR opti-
cal properties of CoMoCAT-SWNTs in an aqueous solution
of dsDNA resemble those of HiPco-SWNTs, namely, the
NIR absorption spectra change between pH 5.8 and 6.4. The
change in the PL is more distinct between pH 6.4 and 7.0.


Mechanism of absorption bleaching and PL quenching : The
observed pH dependence can be explained as follows.
Strano et al.[56] reported pH-dependent near-IR absorption


Figure 4. A) Vis/NIR absorption spectra (dotted line: pure water; solid
line: TE buffer at pH 8.0) and B) PL-mapping image of HiPco-SWNTs
dissolved in a solution of dsDNA in TE buffer.


Figure 5. A) Vis/NIR absorption spectra (dotted line: pure water; solid
line: TE buffer at pH 8.0) and PL-mapping images of CoMoCAT-SWNTs
dissolved in solutions of dsDNA in B) pure water and C) TE buffer.


Chem. Eur. J. 2008, 14, 5966 – 5973 G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5969


FULL PAPERSWNTs in Aqueous Solutions of dsDNA



www.chemeurj.org





spectra for SWNTs dissolved in an aqueous micelle of SDS
in which all S11 semi-conducting peaks in the range 1000–
1600 nm almost disappeared at pHs below pH 5.0. The ob-


served pH dependence was explained by the protonation of
the SWNTs, which induces a change in the band gap of the
nanotubes. Brus and co-workers[57] reported similar pH-de-
pendent near-IR optical behavior for SWNTs dissolved in
an aqueous micellar solution of poly(maleic acid/octyl vinyl
ether). They explained the behavior in terms of reversible
SWNT oxidation by analyzing the oxide-induced absorption
bleaching and luminescence quenching at low pHs. In this
study, the absorption bleaching and luminescence quenching
phenomena observed for solutions of SWNT/dsDNA can
fundamentally be explained by a similar mechanism. An in-
teresting feature of this study is that in the SWNT/dsDNA
solutions we only see a single PL spot from the (6,5)
SWNTs, which are almost the smallest-diameter SWNTs (di-
ameter=0.757 nm) for both HiPco and CoMoCAT at the
low pHs. How, then, do we explain the observed distinct
size-selective PL behavior?
Recently, Doorn and co-workers[58] described the chiral


selectivity of metallic and semi-conducting SWNTs in the
charge-transfer bleaching of the near-IR spectra of individu-
ally dissolved SWNTs in a SDS micelle in the presence of
an organic acceptor molecule. In this study, however, we did
not add such a redox compound. Note that in this work, the
SWNT/dsDNA solutions show size-selective PL behavior in
pure water and in buffers at low pHs. Another interesting


feature is that the pH break-
point for PL quenching is shift-
ed relative to that of the near-
IR absorption bleaching, that is,
at pH 6.4 we see only one PL
spot from the (6,5) SWNTs (see
Figure 7), whereas the near-IR
absorption has already recov-
ered at this pH. For 400-nm-
length SWNTs, more than 250
holes are reported to be neces-
sary for absorption bleaching,
whereas around 10 holes are
sufficient for PL quenching.[57]


Based on the PL quenching
mechanisms of Strano,[56]


Brus,[57] and Doorn[58] and their
co-workers, the phenomena can
be explained by the protonation
of the SWNTs followed by the
generation of holes on the sur-
faces of the SWNTs. This ex-
plains the difference in the pH
dependence of the NIR absorp-
tion spectra and PL mapping of
aqueous solutions of SWNT/
dsDNA, that is, as we described
in the section on pH depend-
ence, the pH break-point of the


PL appears at a higher pH, at which the concentration of
the proton is smaller, than that of the NIR absorption spec-
tra. The proposed mechanism is also applicable to CoMo-


Figure 6. Vis/NIR absorption spectra of HiPco-SWNTs dissolved in phos-
phate buffer solutions of dsDNA at A) pH 5.8 (dotted line), 6.4 (solid
line), B) 7.0 (dotted line), and 8.0 (solid line).


Figure 7. PL-mapping images of HiPco-SWNTs dissolved in dsDNA in phosphate buffer at pH 5.8, 6.4, 7.0,
and 8.0.
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CAT-SWNTs because both forms of SWNTs showed a simi-
lar pH dependence.


Conclusion


In this report we have described the well-resolved structure
of dsDNA-wrapped SWNTs and then shown that the modu-
lation of the band gaps of individually solubilized SWNTs
(HiPco and CoMoCAT) in aqueous solutions of dsDNA is
possible by changing the pH of the solutions. We would like
to emphasize that a very small pH change (from pH 5.8 to
6.4 in near-IR absorption spectroscopy, and from pH 6.4 to
7.4 in PL) causes a dramatic spectral change. We have ex-
plained the results in terms of reversible SWNT oxidation
by analysis of oxide-induced absorption bleaching and lumi-
nescence quenching at low pHs, and the difference in the
observed pH break-points for the near-IR absorption
bleaching and PL quenching are due to the difference in the
numbers of holes generated on the SWNTs. The results ob-
tained in this study are fundamentally important and useful
for understanding the optical band gap properties of individ-
ually dissolved SWNTs in aqueous solutions of dsDNA.
Also, this finding might afford the opportunity to design and
develop a novel device based on SWNT/dsDNA nano-bio-
materials.


Figure 8. Vis/NIR absorption spectra of CoMoCAT-SWNTs dissolved in
phosphate buffer solutions of dsDNA at A) pH 5.8 (dotted line), 6.4
(solid line), B) 7.0 (dotted line), and 8.0 (solid line).


Figure 9. PL-mapping images of CoMoCAT-SWNTs dissolved in phosphate buffer solutions of dsDNA at pH 5.8, 6.4, 7.0, and 8.0.


Chem. Eur. J. 2008, 14, 5966 – 5973 G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5971


FULL PAPERSWNTs in Aqueous Solutions of dsDNA



www.chemeurj.org





Experimental Section


DNA (salmon testes, 300 bp, lot No. 040217) was kindly provided by Ni-
chiro Corporation and used as received. SWNTs were purchased from
Carbon Nanotechnology Inc. (HiPco) and South West Nanotechnologies
(CoMoCAT) and used as received. Aqueous solutions of SWNT/DNA
were prepared similarly to a procedure described elsewhere.[14] Typically,
SWNTs (0.5 mg) were added to DNA (0.68 mgmL�1) dissolved in pure
water (5.0 mL) or buffer (5.0 mL) and sonicated with a bath-type ultra-
sonic cleaner (Branson 2210) at temperatures below 5 8C for 1 h, fol-
lowed by centrifugation at 250000g for 4 h (Hitachi himac CS 100GXL).
The UV/visible/NIR and photoluminescence spectra of aqueous solutions
of SWNT/DNA were recorded at 25�1 8C on a V-570 JASCO and a
HORIBA JOBIN YVON spectrophotometer (FluorologR-3 with Fluo-
rEssence), respectively. A freshly cleaved mica substrate was dipped into
an aqueous solution for a few seconds, dried in a vacuum, and atomic
force microscope (AFM) images of the samples thus obtained were re-
corded on a Veeco, NanoScope IIIa, or Shimadzu Nanosearch Micro-
scope SFT-3500 instrument.
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Introduction


Over the past few years, significant efforts have been direct-
ed towards the development of new fluorescent molecules
for various applications, such as molecular labelling, probing
environments, and sensing.[1,2] Compared to other analytical


methods, the use of fluorescence offers distinct advantages
in terms of sensitivity, selectivity, response times, and capaci-
ty for local observations (e.g., by fluorescence imaging spec-
troscopy). The development of one-photon fluorescent mo-
lecular sensors[2] has been one of the most studied aspects in
the international community. However, such systems have
various disadvantages, in particular due to the low excitation
wavelength that they require. In contrast, systems based on
fluorescence induced by two-photon absorption (TPA)[3] are
very attractive and offer many advantages: i) a highly con-
fined excitation and three-dimensional (3D) sub-micrometer
spatial resolution can be obtained by employing the tech-
nique of two-photon laser scanning microscopy (TPLSM),[4]


ii) they permit a non-destructive method that allows the use
of excitation wavelengths in the 700–1000 nm region, thus
allowing iii) better penetration into cells and tissues (due to
reduced scattering losses), and iv) a reduction in the back-
ground fluorescence. Of particular importance in this con-
text is the use of fluorophores and fluorescent probes with
much higher TPA cross-sections (typically larger by orders
of magnitude) than those of endogenous chromophores.
This should allow selective excitation of engineered two-
photon probes, which is of major importance for biological
applications. Indeed, it has recently been shown that suitable
“photophysical” molecular engineering can yield photoac-


Abstract: A series of fluorescent phos-
phane oxide derivatives based on di-
phenylphosphanoethane (DPPE) and
diphenylphosphanomethane (DPPM)
skeletons has been prepared by means
of Grignard reactions and Sonogashira
cross-couplings. The photophysical
properties and the linear and nonlinear
spectra of these compounds have been
investigated. An edge-to-face confor-
mation resulting in the formation of an
excimer was confirmed by fluorescence
lifetime measurements of these multi-


chromophoric derivatives. Upon com-
plexation with heavy metal ions such as
Pb2+ and Cd2+ , a red shift of the one-
and two-photon excitation spectra was
observed in the absorption and emis-
sion spectra. Furthermore, enhance-
ment of the electron-withdrawing char-
acter of the phosphane oxide resulted


in a significant enhancement of the
two-photon absorption cross-section,
leading to the first biphotonic Cd2+


sensors combining high affinity for
Cd2+ , large two-photon absorption
cross-sections, and significant enhance-
ment of the two-photon excited fluo-
rescence in the presence of the cation.
Such derivatives are highly promising
for incorporation into devices for the
detection of heavy metal ions in water
and effluents.
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tive molecules for which two-photon excitation allows more
selective photo-addressing than the corresponding one-
photon excitation.[5] Such selective excitation will reduce the
background fluorescence (thus providing an enhanced
signal-to-noise ratio and therefore improved sensitivity) and
also decrease photo-damage due to concomitant excitation
of endogenous compounds. Webb and co-workers, who pio-
neered the TPLSM technique, have characterised the TPA
spectra of endogenous chromophores in the spectral range
of interest for biological imaging, showing most of them to
have TPA cross-sections considerably lower than a few Gçp-
pert–Mayer (GM) (1 GM=10�50 cm4sphoton�1).[4] Hence,
the design of “two-photon” or “biphotonic” fluorescent
probes with TPA cross-sections of several hundred GM or
much higher is a current challenge for bio-related applica-
tions. Only recently have a few examples of two-photon
fluorescent molecular sensors for metallic cations been de-
scribed in the literature, focussing mainly on sensors[6] for
Ca2+ , Mg2+ , and Zn2+ in biological matrices. The molecular
designs of these TP cation sensors are based on a TP chro-
mophore, most commonly derived from a quadrupolar struc-
ture,[6d–i] or occasionally from dipolar[6c] or octupolar deriva-
tives.[6j] The donor moiety,[6d–i] or more rarely the acceptor
moiety,[6c,j] is therefore part of the complexing unit. As a
result, the presence of the cation can lead either to a de-
crease (as observed in the case of complexation on the
donor side in quadrupolar-type derivatives[6d–f,h,i]) or to an in-
crease in the TPA response (as observed in the case of com-
plexation at the acceptor side in dipolar or octupolar deriva-
tives[6j]). In most reported cases, a quenching of two-photon
excited fluorescence (TPEF) is observed upon complexa-
tion.[6a,d–f,h,i, 7]


Critical issues for the sensitivity of the detection are the
complexation strength (as expressed by pKD), its selectivity,
and the amplitude of the variation in the fluorescence char-
acteristics as a function of cation concentration. For TP sen-
sors, another critical issue is the magnitude of the response
to two-photon excitation (i.e., the TPA cross-section), a
higher TPA cross-section being beneficial for both a low de-
tection threshold by reduction of background fluorescence
and faster scanning for imaging purposes.


Only rare examples of two-photon sensors for heavy
metals such as Pb2+ have been reported,[6f,g] and to the best
of our knowledge no efficient TP sensors for Cd2+ have
been described. Within this framework, our goal has been
the design of sensitive biphotonic Pb2+ and Cd2+ fluorescent
sensors. Our strategy was to design fluorophores that com-
bine high complexing ability with much larger TPA cross-
sections than those of classical fluorophores[4] or “ordinary”
fluorescent contaminants,[8] and that show enhancement of
their TPEF in the presence of the target cations.


In order to enhance the sensitivity for detection purposes,
we decided to prepare fluorescent sensors that could act as
two-photon antennae. Our idea was to graft several TP ab-
sorbers (with significant TPA response) bearing the binding
unit part onto a multidentate complexing unit (with high af-
finity for heavy metal ions). Based on these requirements,


we decided to focus on dipolar-type two-photon absorber
chromophores,[9] in which the acceptor moiety shows affinity
for heavy metal cations (Scheme 1).


It was anticipated that such systems would lead to very
large TPA cross-sections and an enhancement of the TPA
response in the presence of the cation. In view of the com-
plexing ability of phosphane oxide derivatives with heavy
metals,[10] and based on our experience of the synthesis of
phosphane oxides,[11] we decided to prepare some analogues
of diphenylphosphanoethane (DPPE) and diphenylphospha-
nomethane (DPPM) and to study their photophysical and
complexation properties. In this paper, we report the synthe-
sis of some new derivatives of this type (Scheme 2), and
their linear and two-photon spectroscopic properties in the
presence of heavy metal ions.


Results and Discussion


Synthesis : The structures of ligands 1 and 2 were designed
with a view to increasing the solubility of phosphane oxides
in organic solvents while retaining the fluorescent properties
of phenylethynyl derivatives. Anticipating that the presence
of four phenylethynyl arms was likely to influence the pho-
tophysical properties and the stability of the corresponding
phosphane oxide, we also decided to prepare the unsymmet-
rical derivative 3. A Grignard derivative was first prepared
from the commercially available (4-bromophenyl)trimethyl-
silylacetylene (5), phosphorylation of which with bis(dichlor-
ophosphano)methane or 1,2-bis(dichlorophosphano)ethane
afforded the respective tetraarylated phosphanes
(Scheme 3). The phosphorus atoms were oxidised in the
presence of H2O2, and this was followed by desilylation. The
phosphane oxides 6 and 7 were isolated in yields of 31%
and 26%, respectively, over the three steps. Sonogashira
cross-coupling reactions[12] between the phosphano products
6/7 and the iodide 8[13] were then performed in the presence
of 10 mol% of Pd catalyst and 10 mol% of copper iodide.
This reaction allowed the introduction of four aryl groups,
leading to the desired phosphane oxides, DPPMO (1) and


Scheme 1. Design of multidentate biphotonic sensors for heavy metal cat-
ions.
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DPPEO (2), in isolated yields of 71 and 50%, respectively
(Scheme 3).


As a desymmetrisation step was not conceivable starting
from 6, we changed our strategy and decided to take advant-
age of methyldichlorophosphane oxide (9). Scheme 4 out-
lines the synthesis of the DPPM ligand 3 bearing two fluo-
rescent arms. Here, the Grignard derivative of (4-bromophe-
nyl)trimethylsilylacetylene 5 was quenched with methyldi-
chlorophosphane oxide (9). The resulting phosphane oxide
was isolated in a modest yield of 44%. Treatment with a
hindered base such as lithium 2,2,6,6-tetramethylpiperidide
(LTMP),[14] followed by the addition of chlorodiphenylphos-


phane oxide as an electrophile,
gave the desired phosphane
monooxide in an unoptimised
27% yield. Another route in-
volving the more reactive
chlorodiphenylphosphane and
a phosphorus oxidation step
did not lead to higher yields.
Desilylation using K2CO3 in a
mixture of CH2Cl2/MeOH was
followed by the Sonogashira
cross-coupling reaction, which
led to the desired unsymmetri-
cal phosphane DPPMO-Ph2


(3) in 23% overall yield. Phos-
phane oxide TPPO (4) was
prepared according to a previ-
ously described procedure.[11]


Photophysical properties of
the ligands : The absorption
and fluorescence properties of
the phosphane oxide deriva-


tives are collected in Table 1, and their absorption and emis-
sion spectra are shown in Figure 1a) and b), respectively.
The fluorophores show an intense absorption band in the


Scheme 2. Phosphane oxide fluorescent probes.


Scheme 3. Syntheses of the ligands DPPMO (1) and DPPEO (2): i) Mg,
THF, 50 8C, 1.5 h then Cl2PCH2CH2PCl2 or Cl2PCH2PCl2, THF, RT, 20 h,
35% (n = 0), 26% (n = 1); ii) H2O2, CH2Cl2/MeOH, RT, 88% (n = 0),
100% (n = 1); iii) K2CO3, MeOH/CH2Cl2, RT, 4 h, 70% (n = 0), 80%
(n = 1); iv) 10 mol% [PdACHTUNGTRENNUNG(PPh3)4], 10 mol% CuI, I-C6H4-C6H4O-
ACHTUNGTRENNUNG(CH2)3CO2Et (8), Et3N, toluene, 50 8C, 71% (n = 0), 50% (n = 1).


Scheme 4. Synthesis of DPPMO-Ph2 ligand 3 : i) Mg, THF, 50 8C, 1.5 h
then Cl2POCH3 (9), THF, RT, 20 h, 44%; ii) LTMP (2.5 equiv), THF,
�408C, then ClPOPh2, 27%; iii) K2CO3, MeOH/CH2Cl2, RT, 4 h, 84%;
iv) 10 mol% [PdACHTUNGTRENNUNG(PPh3)4], 10 mol% CuI, 8, Et3N, toluene, 50 8C, 28%.


Table 1. Photophysical properties of phosphane oxide derivatives in
CH3CN/CHCl3 8:2. Maxima of the one-photon absorption labs [nm] and
of steady-state emission lem [nm], molar absorption coefficient e


[104
m
�1 cm�1], fluorescence quantum yield FF .


Product labs [nm] e [104
m
�1 cm�1] lem [nm] FF


[a]


TPPO (4) 331 6 426 0.77
DPPMO-Ph2 (3) 334 12 424 0.72
DPPEO (2) 334 25 434 0.71
DPPMO (1) 335 24 455 0.54


[a] Fluorescence quantum yield with a 10% random error.
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near-UV region. After normalisation to the same number of
chromophores, the molar absorption coefficients at the
wavelength of maximum absorption are similar for the dif-
ferent fluorophores, indicating weak interaction between the
chromophores in the ground state of the multichromophoric
fluorophores.[15] All of these molecules show an intense fluo-
rescence emission in the visible region, with fluorescence
quantum yields ranging from 0.54 to 0.77. A large Stokes
shift and the unresolved vibronic structure of the fluores-
cence spectra observed for these fluorophores suggest the
formation of an intramolecular charge transition. In contrast
to the absorption spectra, significant differences are ob-
served in the shapes of the emission spectra and the fluores-
cence quantum yields for the different compounds. The
emission spectra of TPPO (4) and DPPMO-Ph2 (3) are per-
fectly superimposable, suggesting weak interaction between
the chromophores. Similar behaviour was observed in the
case of a star-shaped fluorophore bearing three phenyle-
thynyl fluorescent arms.[11] In contrast, a broadening of the
emission and a decrease in the fluorescence quantum yield
were observed for the compounds DPPMO (1) and DPPEO
(2). This effect was found to be more pronounced in the
case of DPPMO (1).


In order to further characterise the photophysical proper-
ties, time-resolved fluorescence measurements were per-
formed by the single-photon counting method with picosec-
ond laser excitation. The fluorescence decays for the differ-
ent phosphane oxides are shown in Figure 2. For TPPO (4)


and DPPMO-Ph2 (3), the decays are mono-exponential in
form. In contrast, satisfactory fits were obtained by consider-
ing three exponentials for DPPEO (2) and DPPMO (1).
The fluorescence decays at different emission wavelengths
were subjected to global analysis. The time constants thus
obtained are reported in Table 2. A component of around


0.9 ns, which is predominant in the region 380–430 nm, may
be attributed to the monomer emission. The longest compo-
nent (5.9 and 6.9 ns, respectively), the contribution of which
increases at long wavelengths, may be attributed to excimer
formation. It should be noted that the contribution of the
longest component is higher in the case of DPPMO (1).
This may be attributed to a stronger interaction between the
chromophores in the excited state of 1 as a result of their
proximity. These fluorescence decay measurements thus
permit evaluation of the spectra associated with each spe-
cies. A higher proportion of the excimer band is observed in
the case of the methylene chelate. This effect can be ration-


Figure 1. a) Absorptions of phosphane oxide derivatives in CH3CN/
CHCl3 8:2. b) Corrected normalised emission spectra of the phosphane
oxide derivatives in CH3CN/CHCl3 8:2.


Figure 2. Fluorescence decays of the phosphane oxide derivatives in
CH3CN/CHCl3 8:2.


Table 2. Fluorescence decay components ai and ti [ns] of the phosphane
oxide derivatives in CH3CN/CHCl3 8:2.


Product lem [nm] t1 [ns] (a1) t2 [ns] (a2) t3 [ns] (a3) cr
2


TPPO (4) 425 1.12 (1) – – 1.16
DPPMO-Ph2 (3) 425 1.07 (1) – – 1.12


DPPEO (2)


430 0.03 (0.1) 0.99 (0.88) 5.89 (0.02) 1.12
470 0.03 (0.12) 0.99 (0.84) 5.89 (0.04) 1.14
510 0.03 (0.14) 0.99 (0.80) 5.89 (0.05) 1.14
530 0.03 (0.16) 0.99 (0.78) 5.89 (0.06) 0.96


DPPMO (1)


450 0.12 (0.35) 0.78 (0.6) 8.65 (0.05) 1.27
500 0.12 (0.28) 0.78 (0.56) 8.65 (0.16) 1.11
550 0.12 (0.21) 0.78 (0.50) 8.65 (0.29) 1.08
640 0.12 (0.15) 0.78 (0.46) 8.65 (0.39) 1.17
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alised in terms of the shorter distance between the fluoro-
phores. The shortest component (0.03 and 0.12 ns), which is
predominant in the blue region of the spectra, can be attrib-
uted to the decay of the monomer capable of forming an ex-
cimer.[16] However, it is important to note that no rise time
resulting from excimer formation was detected at 520 nm on
the shortest accessible timescale with our instrumentation
(around 20 ps); this means that the excimers were pre-
formed, as previously reported for b-cyclodextrins with
seven appended naphthalenic fluorophores.[17] All of these
data suggest, as previously observed for bichromophoric sys-
tems,[18] the presence of different conformers: one may en-
visage the presence of an expanded structure (leading to
monomer emission) and a near-sandwich geometry (respon-
sible for preformed excimer emission).


Cation-induced photophysical changes : Complexation stud-
ies of the phosphane oxide derivatives with cadmium and
lead were performed in CH3CN/CHCl3 8:2 in order to
ensure good dissociation of the ion pair and good solubility
of the complexes. Figure 3 displays the evolution of the ab-
sorption spectra (a) and the emission spectra (b) of DPPEO
(2) upon complexation with cadmium. The absorption spec-


tra a) and emission spectra b) of DPPMO (1) upon com-
plexation with cadmium are given in Figure 4. Cation com-
plexation induces a bathochromic shift of the absorption
and emission spectra, which may be rationalised in terms of


an enhancement of the electron-withdrawing character of
the phosphane oxide group due to interaction of its oxygen
atoms with the cation. This effect may be correlated with
the charge density of the cation, since a more pronounced
effect was observed for the Cd2+ cation as compared to
Pb2+ . The shifts towards higher wavelength upon cation
complexation are much more pronounced for the emission
spectra as compared to the absorption spectra, reflecting the
efficient intramolecular charge-transfer character of the
transition. These spectral characteristics clearly indicate an
increase in the electron density on the phosphane oxide
moiety in the excited state, thus resulting in stabilisation
(and hence a red-shift) of the emissions of the complexed
species.


Careful analysis of the emission spectra upon addition of
the cations by means of the SPECFIT program reveals that
different complexes are formed with the following different
stoichiometries 1:2, 1:1, and 2:1. Table 3 presents the stabili-


Figure 3. a) Absorption and b) corrected emission spectra of DPPEO
(2O10�6


m) (lexc =338 nm) in the presence of increasing concentrations of
Cd2+ in CH3CN/CHCl3 8:2.


Figure 4. a) Absorption and b) corrected emission spectra of DPPMO
(2O10�6


m) (lexc =338 nm) in the presence of increasing concentrations of
Cd2+ in CH3CN/CHCl3 8:2.
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ty constants of the complexes formed with the Pb2+ and
Cd2+ cations, calculated from the results of the titration ex-
periments. Scheme 5 shows the possible complexes formed
upon complexation of the cations. It should be noted that
very high stability constants are observed upon complexa-
tion with the heavy metal ions.


Time-resolved fluorescence decays were measured upon
cation complexation. Figure 5 displays the decays obtained
for DPPMO (1) upon Pb2+ complexation. A sharp decrease


in the excimer emission is observed, which may be rational-
ised in terms of a rigidification of the chelate upon complex-
ation. Similar effects are observed for the phosphane oxide
DPPEO (2) with both Pb2+ and Cd2+ . This demonstrates
that DPPEO (2) may be used as a ratiometric fluorescent
sensor for Pb2+ and Cd2+ , and may additionally serve as a
fluorescence lifetime sensor for these heavy metals. In con-
trast, a higher proportion of the excimer fluorescence is
maintained in the case of the complex between DPPMO (1)
and Cd2+ , which may be due to the geometry of the com-
plex. Thus, with regard to imaging applications (FLIM: fluo-
rescence lifetime imaging), the DPPEO ligand 2 shows
better characteristics.


Two-photon absorption : The TPA properties of the ligands
and complexes were investigated by performing two-photon
excited fluorescence (TPEF) measurements in solution ac-
cording to the methodology developed by Webb and co-
workers.[6a] The branched structures of DPPMO (1) and
DPPEO (2) show notable and similar TPA responses in the
target spectral region (s2 at lTPA


max � 100 GM), which is con-
sistent with the weak interactions between the two chromo-
phores in the ligands. The first (lowest-energy) TPA band,
the maximum for which is located at around 740 nm, is red-
shifted with respect to the corresponding one-photon al-
lowed lowest-energy band, and is clearly overlapped by a
much more intense blue-shifted band. Such behaviour is typ-
ical of a branched system composed of two interacting dipo-
lar chromophores.[9] This is reminiscent of the behaviour of
triphenylamine derivatives, except that in their case the di-
polar chromophores interact through a common electron-
withdrawing moiety[9b] (which is also the complexing unit).
This indicates that the phosphane oxide moiety allows co-
herent coupling between the branches, thus opening an in-
teresting route as an original “joint” module for the molecu-
lar engineering of branched systems with enhanced TPA.[9c]


As illustrated in Figure 6, the ML2 complexes show a
marked increase in their TPA in the region 700–800 nm.
This is consistent with the reinforcement of the photoin-
duced charge transfer in the chromophoric parts of the li-
gands as a result of the increased electron-withdrawing abili-
ty of the phosphane oxide moiety when complexed with the
heavy metal cation. We observe that this leads to an in-
crease in the TPA cross-section at 740 nm (normalised with
respect to the number of fluorescent ligands) by a factor 1.7
for Pb2+ and by a factor 2.8 for Cd2+ . The stronger TPA
modulation induced by Cd2+ in the presence of DPPMO
ligand 1 may be correlated with the higher charge density of
the Cd2+ cation. The bidentate DDPMO ligand 1 is thus
found to be a convenient biphotonic fluorescent sensor for
Cd2+ ions, since it combines high affinity for the cation
(large association constant), large TPA cross-sections of the
complex species (larger than those of classical fluorophores
commonly used in the biology community),[4b,6a] and signifi-
cant modulation of the TPEF signal in the presence of the
Cd2+ cation (Table 4).


Scheme 5. Model of the binding of DPPEO (2) with Cd2+ or Pb2+ .


Table 3. Stability constants of phosphane oxide derivatives with Pb2+


and Cd2+ .


Product Cation logb12 logK11 logK21


TPPO Pb2+ – 3.7�0.02 –
DPPMO-Ph2 Pb2+ 14.5�0.2 7.8�0.2 –
DPPEO Pb2+ 13.8�0.4 7.6�0.2 11.2�0.2
DPPMO Pb2+ 14�0.2 6.6�0.1 –
TPPO Cd2+ – 3.0�0.02 –
DPPMO-Ph2 Cd2+ 15.2�0.2 8.0�0.2 11.4�0.2
DPPEO Cd2+ 12.8�0.2 6.7�0.1 12.4�0.2
DPPMO Cd2+ 14.2�0.2 6.9�0.1 10.5�0.2


Figure 5. Fluorescence decays of DPPMO (4.1O10�7
m) in the presence of


increasing concentrations of Pb2+ (0 to 2400 equiv). Channel width=


34 ps.
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Conclusions


In conclusion, we have synthesised a series of phenylethynyl
phosphane oxide derivatives bearing two or four fluorescent
arms starting from simple materials. These novel derivatives
show an intense absorption band in the near-UV region and
an intense fluorescence emission in the visible region, with
fluorescence quantum yields ranging from 0.54 to 0.77. We
have also shown that weak interactions between the chro-
mophores occur in the ground state for the multichromo-
phoric fluorophores. The observed large Stokes shift and the
unresolved vibronic structure of the fluorescence spectra
also suggest the formation of an intramolecular charge tran-
sition.


Addition of a heavy metal cation such as Cd2+ induces a
bathochromic shift of the absorption and emission spectra
due to an enhancement of the electron-withdrawing charac-
ter of the complexed phosphane oxide group. As a result,
these newly designed fluorophores show considerable prom-
ise as ratiometric sensors for Cd2+ ions. In addition, these
sensors have been found to exhibit large TPA cross-sections,
which are significantly enhanced in the presence of the
cation. This may be ascribed to the increased electron-with-
drawing character of the complexing moieties of the phos-
phane oxide due to the interaction of the oxygen atom with
the cation. These derivatives are therefore of great interest
as first prototypical biphotonic sensors for Cd2+ cations, and
hold much promise for the development of devices for the


detection of toxic heavy metals in water and effluents. This
is a critical issue with regard to the selective detection of
heavy metal ions in enforcing the environmental health offi-
cial regulations imposed by the World Health Organisation
and the European Community.[19]


Experimental Section


General : Reagents were obtained commercially from Acros, Aldrich, or
Avocado and were used without further purification unless otherwise
stated. Cyclohexane, dioxane, chloroform, dichloromethane, dimethyl
sulfoxide, and acetonitrile (spectrometric grade from Aldrich or SDS)
were employed as solvents for absorption and fluorescence measure-
ments. Column chromatography was performed on 0.040–0.063 mm Art.
11567 silica gel (E. Merck). 1H, 13C, and 31P NMR spectra were recorded
on Bruker AV300 or AV400 instruments. All signals (d) are expressed in
units of ppm downfield from Me4Si for 1H and 13C NMR and from
H3PO4 for 31P NMR, used as internal standards. Coupling constants (J)
are reported in Hz and refer to apparent peak multiplicities. Melting
points were measured in open capillary tubes. FTIR spectra were record-
ed on a Thermo-Optek Nexus spectrometer. Mass spectrometric analyses
were performed on a Hewlett-Packard HP 5989A instrument at the
Ecole Nationale Sup@rieure de Chimie de Paris. Direct introduction ex-
periments were performed by chemical ionisation with ammonia. Ele-
mental analyses were performed at the Institut de Chimie des Substances
Naturelles (Gif-sur-Yvette).


Bis(4-trimethylsilylethynylphenyl)diphosphanomethane : A solution of (4-
bromophenylethynyl)trimethylsilane (4.66 g, 18.4 mmol) in anhydrous
THF (12.5 mL) was added in one portion to activated Mg (485 mg,
20.24 mmol) under argon. The mixture was heated at 55 8C for 2 h and
then cannulated into a solution of DPPMCl4 in anhydrous THF
(12.5 mL) at 0 8C. The reaction mixture was stirred at 0 8C for 30 min and
then at room temperature for 18 h. The reaction was then quenched by
the addition of saturated aqueous NH4Cl solution (10 mL) and water
(10 mL). After extraction with diethyl ether, the organic phase was dried
(Na2SO4) and filtered, the volatiles were evaporated, and the crude oil
was purified by flash chromatography (CH2Cl2/cyclohexane 1:9!1:1) to
afford the desired product as a colorless solid (1.22 g, 35%). The product
was used directly for the synthesis of methylene bis(4-trimethylsilylethy-
nylphenyl)diphosphane oxide. 1H NMR (CDCl3, 300 MHz): d =0.25 (s,
36H), 2.73 (s, 2H), 7.30 ppm (m, 16H); 13C NMR (CDCl3, 75 MHz): d=


0.0, 27.8, 95.7, 104.6, 123.8, 131.8, 132.6, 132.8, 139.0 ppm; 31P NMR
(CDCl3, 121 MHz): d=�21.6 ppm.


Methylene bis(4-trimethylsilylethynylphenyl)diphosphane oxide : 30%
H2O2 (1.06 mL) was added dropwise to a solution of bis(4-trimethylsilyl-
ethynylphenyl)diphosphanomethane (1.18 g, 1.53 mmol) in dichlorome-
thane (5 mL) and methanol (10 mL). The reaction mixture was stirred at
room temperature for 4 h. The excess H2O2 was then reduced with aque-
ous Na2SO3 solution (15 mL) and AcOEt (20 mL) was added. The organ-
ic phase was dried over MgSO4 and filtered, and the volatiles were
evaporated in vacuo to afford a colorless solid (1.093 g, 88%). M.p.
>250 8C; 1H NMR (300 MHz, CDCl3): d=7.62–7.52 (m, 8H), 7.44–7.40
(m, 8H), 3.48 (t, J=15 Hz, 2H), 0.25 ppm (s, 36H); 13C NMR (75 MHz,
CDCl3): d =132.5, 132.1, 132.0, 131.9, 131.1, 131.0, 130.9, 127.4, 126.9,
103.8, 98.0, 34.6, 0.0 ppm; 31P NMR (121 MHz, CDCl3): d=24.6 ppm; MS
(ESI): C45H54O2P2Si4: m/z : 801 [M+H]+ ; elemental analysis calcd (%) for
C45H54O2P2Si4: C 67.46, H 6.79; found: C 67.27, H 7.01.


Methylene bisACHTUNGTRENNUNG[bis(4-ethynylphenyl)phosphane oxide] (6): K2CO3


(770 mg, 5.2 mmol) was added to a solution of methylene bis(4-trimethyl-
silylethynylphenyl)diphosphane oxide (1.093 g, 1.36 mmol) in anhydrous
dichloromethane (8 mL) and methanol (16 mL) under argon, and the re-
action mixture was stirred for 4 h at room temperature. The reaction was
then quenched by the addition of water (10 mL), and dichloromethane
(20 mL) was added. After extraction, the organic layer was dried
(Na2SO4) and filtered, and the volatiles were evaporated in vacuo. The


Table 4. TPA properties of phosphane oxide derivatives in CH3CN/
CHCl3 8:2. First maximum (lowest energy) of the TPA band [lTPA


max]. TPA
cross-section s2 [1 GM=10�50 cm4 s�1photon�1].


Compound 2l abs
max


[nm]
l TPA


max1


[nm]
s2 [GM] at


lTPA
max


F s2 F [GM] at
lTPA


max


DPPMO 670 �740 95 0.54 51
ACHTUNGTRENNUNG[DPPMO]2[Pb] 675 �740 320 0.03 10
ACHTUNGTRENNUNG[DPPMO]2[Cd] 677 �740 520 0.44 229


Figure 6. TPA spectra of DPPMO (1) and corresponding complexes in
CH3CN/CHCl3 8:2; *: DPPMO2Cd, O : DPPMO2PB, ^: DPPMO.
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resulting pale-yellow solid was then triturated with the minimum volume
of AcOEt and diethyl ether (10 mL) to afford the desired desilylated
product 6 as a colorless solid (490 mg, 70%). M.p. >250 8C; 1H NMR
(300 MHz, CDCl3): d=7.68–7.65 (m, 8H), 7.46 (d, J=7.0 Hz, 8H), 3.47
(t, J=15 Hz, 2H), 3.20 ppm (s, 4H); 13C NMR (75 MHz, CDCl3): d=


133.0, 132.2, 132.1, 132.0, 131.5, 130.9, 130.8, 130.7, 126.2, 82.3, 80.1,
34.6 ppm; 31P NMR (121 MHz, CDCl3): d=23.9 ppm; MS (ESI):
C33H22O2P2: m/z : 513 [M+H]+ ; MALDI HRMS: m/z : calcd for
C33H22O2P2Na: 535.0993; found: 535.0997 [M+Na+].


1,2-Bis(4-trimethylsilylethynylphenyl)diphosphanoethane : A solution of
(4-bromophenylethynyl)trimethylsilane (2.183 g, 8.624 mmol) in anhy-
drous THF (4 mL) was added in one portion to activated Mg (230 mg,
9.48 mmol) under argon. The mixture was heated at 55 8C for 2 h and
then cannulated into a solution of DPPECl4 in anhydrous THF (8 mL) at
0 8C. The reaction mixture was stirred at 0 8C for 30 min and then at
room temperature for 18 h. Thereafter, the reaction was quenched by the
addition of saturated aqueous NH4Cl solution (10 mL) and water
(10 mL). After extraction with diethyl ether, the organic phase was dried
(Na2SO4) and filtered, the volatiles were evaporated, and the crude oil
was purified by chromatography on silica gel (CH2Cl2/cyclohexane 2:8)
to afford a pale-yellow solid (424 mg, 26%). The product was used di-
rectly for the synthesis of ethylene 1,2-bis(4-trimethylsilylethynylphenyl)-
diphosphane oxide. 1H NMR (CDCl3, 300 MHz): d=0.24 (s, 36H), 1.98
(t, J=4.1 Hz, 4H), 7.18 (m, 8H), 7.37 ppm (dd, J=0.5 and 8 Hz, 8H);
13C NMR (CDCl3, 75 MHz): d =0.0, 23.7, 95.7, 104.6, 123.7, 131.9, 132.4,
132.5, 132.6, 138.4 ppm; 31P NMR (CDCl3, 121 MHz): d =�12.0 ppm;
HRMS (MALDI TOF): m/z : calcd for C46H56P2Si4 [M+]: 783.3007;
found: 783.3004.


Ethylene 1,2-bis(4-trimethylsilylethynylphenyl)diphosphane oxide : 30%
H2O2 (360 mL) was added dropwise to a solution of 1,2-bis(4-trimethylsi-
lylethynylphenyl)diphosphanoethane (394 mg, 0.5 mmol) in dichlorome-
thane (1.5 mL) and methanol (6 mL). The reaction mixture was stirred at
room temperature for 4 h. The excess H2O2 was then reduced with aque-
ous Na2SO3 solution (6 mL) and dichloromethane (10 mL) was added.
The organic phase was dried over MgSO4 and filtered, and the volatiles
were evaporated under reduced pressure to afford the desired product as
a colorless solid (408 mg, 100%). M.p. >250 8C; 1H NMR (300 MHz,
CDCl3): d=7.55 (m, 16H), 2.43 (t, J=2.4 Hz, 4H), 0.24 ppm (s, 36H);
13C NMR (75 MHz, CDCl3): d=132.5, 132.4, 130.7, 127.6, 103.7, 98.2,
29.9, 27.1, 0.0 ppm; 31P NMR (121 MHz, CDCl3): d=32.2 ppm; MS (CI,
NH3): C46H56O2P2Si4: m/z : 815 [M+H]+ .


Ethylene 1,2-bis ACHTUNGTRENNUNG[bis(4-ethynylphenyl)phosphane oxide] (7): K2CO3


(68 mg) was added to a solution of ethylene 1,2-bis(4-trimethylsilylethy-
nylphenyl)diphosphane oxide (393 mg, 0.48 mmol) in anhydrous dichloro-
methane (4 mL) and methanol (6 mL) under argon, and the reaction mix-
ture was stirred at room temperature for 4 h. The reaction was then
quenched with water (10 mL), and AcOEt (20 mL) was added. After ex-
traction, the organic layer was dried (Na2SO4) and filtered, and the vola-
tiles were evaporated in vacuo to afford the desired desilylated product 7
as a colorless solid (200 mg, 80%). M.p. >250 8C; 1H NMR (300 MHz,
CDCl3): d=7.62 (m, 16H), 3.20 (s, 4H), 2.47 ppm (d, 4H, J=2.7 Hz);
13C NMR (75 MHz, CDCl3): d=132.6, 132.5, 132.4, 131.7, 131.1, 130.6,
126.4, 82.3, 80.2, 29.7, 21.4 ppm; 31P NMR (121 MHz, CDCl3): d=


31.8 ppm; HRMS (ES): m/z : calcd for C34H24O2P2Na: 549.1149; found:
549.1164 [M+Na]+ .


Bis-4-{ethyl 4-[4-di(phenylene ethynylene)phenoxy]butyrate}diphospha-
noylmethane (1): Iodoaryl building block 8 (434 mg, 1.01 mmol,
6.5 equiv) was added to a solution of 6 (80 mg, 0.16 mmol) in toluene
(25 mL) and triethylamine (7 mL). The mixture was degassed under
argon, CuI (7.15 mg, 24mol%) and [Pd ACHTUNGTRENNUNG(PPh3)4] (21 mg, 12mol%) were
added, and the reaction mixture was stirred for 20 h at 50 8C under
argon. The volatiles were then evaporated in vacuo and the residue was
dissolved in dichloromethane (10 mL). The organic phase was washed
with aqueous HCl (10%), dried (Na2SO4), filtered, and the solvents were
evaporated under reduced pressure. The crude product was then purified
by flash chromatography (silica gel; CH2Cl2 ! CH2Cl2/acetone 1:1) to
afford the desired phosphane oxide 1 as a colorless solid (197 mg, 71%).
M.p. 254 8C; 1H NMR (300 MHz, CDCl3): d=7.28 (m, 8H), 7.52–7.43 (m,


32H), 6.84 (d, J=8.7 Hz, 8H), 4.15 (q, J=7.2 Hz, 8H), 4.02 (t, J=6.1 Hz,
8H), 3.54 (t, J=15 Hz, 2H), 2.52 (t, J=7.3 Hz, 8H), 2.14 (m, 8H),
1.26 ppm (t, J=7.4H, 12H); 13C NMR (75 MHz, CDCl3): d=173.2, 159.2,
133.3, 131.8, 131.6, 131.5, 131.1, 127.4, 124.2, 122.0, 115.2, 114.7, 92.3,
91.9, 90.0, 87.9, 67.0, 60.6, 30.9, 24.7, 14.4 ppm; 31P NMR (121 MHz,
CDCl3): d=24.3 ppm; IR (powder): ñ=2948 (m), 2213 (s), 1735 (s), 1595
(s), 1438 (s), 1285 (s), 1245 (s), 1175 (s), 1106 (s), 1035 cm�1 (s); HRMS
(MALDI): m/z : calcd for C113H95O14P2: 1737.6191; found: 1737.6161
[M+H]+ ; UV/Vis: l (CH3CN/CHCl3 8:2)=335 nm (e =2.4O
105


m
�1 cm�1).


1,2-Bis-4-{ethyl 4-[4-di(phenylene ethynylene)phenoxy]butyrate}diphos-
phanoylethane (2): Iodoaryl building block 8 (536 mg, 1.235 mmol,
6.5 equiv) was added to a solution of 7 (100 mg, 0.19 mmol) in toluene
(30 mL) and triethylamine (10 mL). The mixture was degassed under
argon, CuI (4 mg, 5mol%) and [Pd ACHTUNGTRENNUNG(PPh3)4] (22 mg, 5mol%) were added,
and the reaction mixture was stirred for 20 h at 50 8C under argon. The
volatiles were then evaporated in vacuo and the residue was dissolved in
dichloromethane (10 mL). The organic phase was washed with 10%
aqueous HCl, dried (Na2SO4), filtered, and the solvents were evaporated
under reduced pressure. The crude product was then purified by flash
chromatography (silica gel; CH2Cl2 ! CH2Cl2/acetone 1:1) to afford the
desired phosphane oxide 2 as a colorless solid (50%). M.p. 256 8C;
1H NMR (300 MHz, CDCl3): d=7.7–7.6 (m, 16H), 7.48–7.43 (m, 24H),
6.86 (dd, J=2 and 6.9 Hz, 8H), 4.15 (q, J=7.2 Hz, 8H), 4.04 (t, J=


6.1 Hz, 8H), 2.52 (m, 12H), 2.14 (m, 8H), 1.25 ppm (t, J=7.2 Hz, 12H);
13C NMR (75 MHz, CDCl3): d=173.2, 159.7, 133.3, 132.1, 131.9, 131.8,
130.9, 127.5, 124.3, 122.0, 115.2, 114.7, 92.4, 91.9, 89.9, 87.9, 67.0, 60.6,
30.9, 29.8, 24.7, 14.3 ppm; 31P NMR (121 MHz, CDCl3): d=32.1 ppm; IR
(powder): ñ=2925 (m), 2207 (s), 1726 (s), 1589 (s), 1472 (s), 1250 (s),
1175 (s), 1105 (s), 1035 cm�1 (s); HRMS (MALDI): m/z : calcd for
C114H97O14P2: 1751.6348; found: 1751.6358 [M+H]+ .


Methylene-bis[4-(trimethylsilylethynyl)phenyl]phosphane oxide : A solu-
tion of (4-bromophenylethynyl)trimethylsilane (19 g, 75.3 mmol) in anhy-
drous THF (50 mL) was added in one portion to activated Mg (1.98 g,
82.7 mmol) under argon. The mixture was heated at 55 8C for 2 h and
then cannulated into a solution of CH3P(O)Cl2 (5 g, 37.6 mmol) in anhy-
drous THF (20 mL) at 0 8C. The reaction mixture was stirred at 0 8C for
30 min and then at room temperature for 18 h. The reaction was then
quenched by the addition of saturated aqueous NH4Cl solution (50 mL)
and water (10 mL). After extraction with diethyl ether, the organic phase
was dried (Na2SO4) and filtered, the volatiles were evaporated, and the
crude oil was purified by flash chromatography (CH2Cl2/AcOEt 1:1) to
afford the product as a colorless solid (6.81 g, 44%). M.p. 196 8C;
1H NMR (300 MHz, CDCl3): d=7.65–7.51 (m, 8H), 2.00 (d, J=13.2 Hz,
3H), 0.24 ppm (s, 18H); 13C NMR (75 MHz, CDCl3): d =134.5, 133.1,
132.3, 132.1, 130.6, 130.4, 127.1, 103.9, 97.7, 16.5 (d, J=74 Hz), 0.0 ppm;
31P NMR (121 MHz, CDCl3): d=29.5 ppm; MS: C23H29OPSi2: m/z : 409
[M+H]+ ; UV/Vis (CH3CN/CHCl3 8:2): l =334 nm (e=2.5O105


m
�1 cm�1).


Bis[4-(trimethylsilylethynyl)phenyl]phosphanoyl-diphenyl phosphanoyl-
methane : A solution of LTMP was prepared by treating a solution of
TMPH (195 mL, 1.15 mmol) in THF (1 mL) with 2.5m nBuLi (460 mL,
1.15 mmol) for 5 min at 0 8C under argon. This solution was then cannu-
lated at �40 8C into a solution of methylene-bis[4-(trimethylsilylethynyl)-
phenyl]phosphane oxide (204 mg, 0.5 mmol) in THF (2 mL) under argon.
The mixture was stirred for 1.5 h at 40 8C and then diphenylphosphanic
chloride (114 mL, 0.6 mmol) was added dropwise at �40 8C under argon.
The resulting mixture was stirred for 4 h at �40 8C and then the reaction
was quenched by the addition of saturated aqueous NH4Cl solution
(5 mL). After extraction with dichloromethane (5 mL), the organic layer
was dried (Na2SO4), filtered, and concentrated under reduced pressure.
The crude yellow solid was purified by flash chromatography (AcOEt,
Rf=0.4) and the solid obtained was triturated with the minimum volume
of AcOEt to afford a colorless solid (70 mg, 27%). M.p. 196 8C; 1H NMR
(300 MHz, CDCl3): d =7.67–7.65 (m, 8H), 7.39–7.36 (m, 8H), 3.50 (t, J=


13.3 Hz, 2H), 0.25 ppm (s, 18H); 13C NMR (75 MHz, CDCl3): d=133.3,
132.9, 132.0, 131.8, 131.1, 131.0, 128.8, 128.6, 127.1, 104.0, 97.7, 34.9,
0.0 ppm; 31P NMR (121 MHz, CDCl3): d =24.7, 24.3 ppm; MS:
C23H29OPSi2: m/z : 608.
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Bis(4-ethynylphenyl)phosphanoyl-diphenylphosphanoylmethane (10):
K2CO3 (26 mg, 0.1 mmol) was added to a solution of bis[4-(trimethyl-
silylethynyl)phenyl]phosphanoyl-diphenylphosphanoylmethane (50 mg,
0.08 mmol) in a mixture of dichloromethane (1 mL) and MeOH (2 mL),
and the reaction mixture was stirred at room temperature for 4 h. After
complete conversion, water (4 mL) was added and the mixture was ex-
tracted with dichloromethane (5 mL). The organic layer was then dried
(Na2SO4), filtered, and concentrated in vacuo. The crude oil was then tri-
turated with Et2O/cyclohexane 1:1 to afford 10 as a colorless solid
(31 mg, 84%). M.p. 222 8C; 1H NMR (300 MHz, CDCl3): d=7.55–7.45
(m, 8H), 7.44–7.34 (m, 10H), 3.32 (t, J=14.7 Hz, 2H), 2.99 ppm (s, 2H);
13C NMR (75 MHz, CDCl3): d=133.1, 132.1, 131.9, 131.1, 130.9, 130.9,
130.7, 128.6, 128.5, 126.0, 82.5, 79.84, 34.3 ppm; 31P NMR (121 MHz,
CDCl3): d=24.6 (d, J=11.5 Hz), 24.1 ppm (d, J=11.5); HRMS (ES):
m/z : calcd for C29H22O2P2Na 487.0993; found 487.0983 [M+Na]+ .


Bis-4-{ethyl 4-[4-di(phenylene ethynylene)phenoxy]butyrate}phosphano-
yl-diphenylphosphanoylmethane (3): Iodoaryl building block 8 (86 mg)
was added to a solution of 10 (31 mg) in anhydrous toluene (4 mL) and
triethylamine (2 mL), the mixture was degassed with argon, and then
[Pd ACHTUNGTRENNUNG(PPh3)4] (7.7 mg) and CuI (1.5 mg, 10mol%) were added. The reac-
tion mixture was stirred at 50 8C under argon for 20 h. After cooling to
room temperature, the mixture was washed with saturated aqueous
NH4Cl solution (10 mL) and extracted with AcOEt (10 mL). The organic
layer was dried (Na2SO4), filtered, and the volatiles were removed under
reduced pressure. The residue was purified by flash chromatography
(silica gel; AcOEt) to afford 3 as a colorless solid (20 mg, 28%). M.p.
210 8C; 1H NMR (300 MHz, CDCl3): d=7.77–7.68 (m, 10H), 7.49–7.34
(m, 24H), 6.87 (d, J=8 Hz, 4H), 4.15 (q, J=7 Hz, 4H), 4.03 (t, J=


6.1 Hz), 3.54 (t, J=15.6 Hz, 2H), 2.52 (t, J=7.2 Hz, 4H), 2.12 (m, 4H),
1.26 ppm (t, J=7 Hz, 6H); 13C NMR (75 MHz, CDCl3): d=173.1, 159.1,
133.1, 132.6, 131.9, 131.7, 131.5, 131.4, 131.1, 131.0, 130.9, 130.8, 128.6,
128.5, 127.0, 124.1, 122.0, 115.0, 114.6, 91.9, 91.7, 90.0, 87.8, 66.8, 60.5,
34.8 (t), 30.7, 24.5, 14.2 ppm; 31P NMR (121 MHz, CDCl3): d=24.6 (d,
J=14 Hz), 24.3 ppm (d, J=14 Hz); HRMS (MALDI): m/z : calcd for
C69H59O8P2:1077.3680; found 1077.3692 [M+H]+ .


Spectroscopic measurements : UV/Vis absorption spectra were recorded
on a Varian Cary 5E spectrophotometer and corrected emission spectra
were obtained on a Jobin-Yvon Spex Fluorolog 1681 spectrofluorimeter.
Fluorescence quantum yields were determined by using quinine sulfate
dihydrate in sulfuric acid (0.5 n ; FF =0.546[20]) as a standard. For the
emission measurements, the absorbances at the excitation wavelengths
were below 0.1 and so the concentrations were below 105 molL�1. Fluo-
rescence intensity decays were obtained by the single-photon timing
method with picosecond laser excitation using a Spectra Physics set-up
composed of a titanium sapphire Tsunami laser pumped by an argon ion
laser, a pulse detector, and doubling (LBO) and tripling (BBO) crystals.
Light pulses were selected by optoacoustic crystals at a repetition rate of
4 MHz. Fluorescence photons were detected through a long-pass filter
(375 nm) by means of a Hamamatsu MCP R3809U photomultiplier con-
nected to a constant-fraction discriminator. The time-to-amplitude con-
verter was purchased from Tennelec. Data were analysed by a nonlinear
least-squares method with the aid of Globals software (Globals Unlimit-
ed, University of Illinois at Urbana-Champaign, Laboratory of Fluores-
cence Dynamics). Complexation constants were determined by global
analysis of the evolution of all absorption and/or emission spectra by
using the Specfit Global Analysis System V3.0 for 32-bit Windows
system. This software uses singular value decomposition and nonlinear
regression modelling by the Levenberg–Marquardt method.[21]


Two-photon excited fluorescence spectroscopy: Two-photon excited fluo-
rescence spectroscopy was performed using a mode-locked Ti:sapphire
laser generating 150 fs wide pulses at a rate of 76 MHz, with a time-aver-
aged power of several hundreds of mW (Coherent Mira 900 pumped by
a 5 W Verdi). The laser light was attenuated using a combination of half-
wave plates and a Glan laser polariser, and the excitation power was fur-
ther controlled using neutral density filters of varying optical density
mounted in a computer-controlled filter wheel. After five-fold expansion
through two achromatic doublets, the laser beam was focused by a micro-
scope objective (10O , NA 0.25, Olympus, Japan) into a standard 1 cm ab-


sorption cuvette containing the sample. The average applied laser power
arriving at the sample was between 0.5 and 15 mW, leading to a time-
averaged light flux in the focal volume of the order of 0.1–1 mWmm�2.
The generated fluorescence was collected in epi-fluorescence mode,
through the microscope objective, and reflected by a dichroic mirror
(675dcxru, Chroma Technology Corporation, USA). Residual excitation
light was removed using a barrier filter (e650–2p, Chroma) and the fluo-
rescence was coupled into a 600 mm multimode fiber by an achromatic
doublet. The fiber was connected to a compact CCD-based spectrometer
(BTC112-E, B&WTek, USA), with which the two-photon excited emis-
sion spectrum was measured. The emission spectra were corrected for
the wavelength-dependence of the detection efficiency using correction
factors established through measurements on reference compounds with
known fluorescence emission spectra. Briefly, the set-up allowed the re-
cording of corrected fluorescence emission spectra under multiphoton ex-
citation at variable excitation power and wavelength.


Absolute values for the two-photon excitation action cross-sections s2F


were obtained according to the method described by Xu and Webb, using
10�4


m fluorescein in 0.01m aqueous NaOH as a reference.[6a] DPPMO (1)
and DPPEO (2) were dissolved in CH3CN/CHCl3 (80:20) at concentra-
tions of 3.8O10�5 and 2O10�5


m, respectively. The complexation studies
were performed using 0.5 equiv of heavy metal ions in order to ensure a
high proportion of the ML2 complex.


Solvents and salts : Acetonitrile from Aldrich (spectrometric grade) and
Millipore-filtered water (conductivity <6O108 W�1 cm�1 at 20 8C) were
employed as solvents for the absorption and fluorescence measurements.
Sodium thiocyanate, potassium thiocyanate, calcium perchlorate, zinc
perchlorate, cadmium perchlorate, and lead(II) thiocyanate, from Aldrich
or Alfa Aesar, were of the highest quality available and were vacuum-
dried over P2O5 prior to use.
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Controlled Synthesis and Luminescence of Semiconductor Nanorods


Peng Li,[a, b] Leyu Wang,[a, b] Lun Wang,[b] and Yadong Li*[a]


Introduction


In recent decades, semiconductor nanocrystals (NCs) have
attracted a great deal of interest, owing to their dimension-
dependent optical and electrical properties, which have
made them ideal building blocks in many fields, such as
solar cells,[1] biological labels,[2–3] light-emitting diodes,[4–6]


electronics,[7–9] and lasers.[10–12] Owing to the quantum con-
finement effect, control of the size and shape of semicon-
ductor NCs plays an important role in tailoring the proper-
ties of these materials and offers deep insight for under-
standing the important physical phenomena. Recently the
synthesis and self-assembly of one-dimensional nanostruc-
tures of semiconductors have become a research attraction,
owing to their potential applications in electronic, optical
and sensorial device construction. At present, a number of
methods including VLS (vapor-liquid-solid),[13] template-as-
sisted,[14–15] solvothermal,[16–17] hydrothermal[18–21] and MWI
(microwave irradiation)[22] methods have been developed for


the shape-controlled synthesis of colloidal semiconductor
NCs. However, most of the synthetic routines are based on
the high-temperature thermolysis of organometallic precur-
sors. To avoid employing these organometallic precursors,
which are toxic, expensive, and unstable, several green
chemical approaches employing common inorganic salts
have been developed.[23–25] There is still a challenge to syn-
thesize monodisperse semiconductor nanorods by using
stable inorganic precursors such as nitrates and chlorides.
Recently, a facile strategy for cell imaging by using lumines-
cence of semiconductor nanorods has been reported.[26] In
the present work, semiconductor NCs of CdS, ZnS, and
ZnS:Mn with controllable aspect ratios have been prepared
through a facile synthetic process under mild experimental
conditions. The effects of reaction temperature and time,
ratios of thioacetamide to inorganic precursors, and the re-
actant content have been discussed in detail. The as-pre-
pared NCs were obtained from the reactions between stable
inorganic salts and thioacetamide by employing octadecyl-
ACHTUNGTRENNUNGamine or oleylamine as capping agents. For the biolabel ap-
plications, these hydrophobic NCs dispersed in cyclohexane
were transferred into water by means of an emulsion-based
bottom-up self-assembly approach.


Results and Discussion


The semiconductor nanorods were prepared by employing
metal nitrates (or chlorides) and thioacetamide as reactants
under optimum conditions. The sizes and morphologies of


Abstract: A variety of nearly monodis-
perse semiconductor nanocrystals, such
as CdS, ZnS, and ZnS:Mn, with con-
trollable aspect ratios have been suc-
cessfully prepared through a facile syn-
thetic process. These as-prepared nano-
crystals were obtained from the reac-
tions between metal ions and thioacet-
ACHTUNGTRENNUNGamide by employing octadecylamine or
oleylamine as the surfactants. The ef-


fects of reaction temperature and time,
ratios of thioacetamide to inorganic
precursors, and the reactant content on
the size and crystal purity of the nano-
rods, have been systematically investi-


gated. The optical properties and the
formation mechanism of the nanorods
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the as-prepared NCs are mainly affected by the following
conditions, such as precursor concentration, temperature,
and growth time. All the above effects have been investigat-
ed in detail.


Synthesis of CdS nanocrystals : In the current synthesis, the
effect of the thioacetamide content has been discussed. The
amount of thioacetamide is very important to the formation
of nanorods. If thioacetamide (1.0 mmol) and Cd-
ACHTUNGTRENNUNG(NO3)2·4H2O (1.0 mmol) are combined, only nanoparticles
rather than nanorods are obtained after 12 h at T=160 8C.
Figure 1 shows the transmission electron microscopy (TEM)


images of the semiconductor NCs prepared in oleylamine
under the conditions listed in Table 1. The various as-pre-
pared NCs shown in Figure 1 are created by changing the
content of thioacetamide from 1.2 to 2.0 mmol. The effects
of temperature and reaction time were also considered. Fig-
ure 1a shows the TEM image of CdS nanorods obtained at


the temperature of 160 8C for 12 h, by using a 1:1.2 Cd/thio-
ACHTUNGTRENNUNGacetamide molar ratio. Analysis of the TEM shows that
most of the CdS nanorods are less than 20 nm long. Prolong-
ing the reaction time to 24 h (Figure 1d) led to an increase
in the average length of the nanorods (�25 nm). These
nanorods were also characterized with high resolution TEM
(HRTEM). Figure 2 clearly indicates that the nanorods are


single-crystal and the lattice fringe spacing is in correspon-
ACHTUNGTRENNUNGdence with the (002) plane of wurtzite CdS.


If a 1:1.6 molar ratio of cadmium to thioacetamide is used
in the reaction system (in 25 mL of oleylamine), the length-
to-diameter ratio of the as-prepared nanorods decreased,
and rodlike nanoparticles were obtained at 160 8C. As
shown in Figure 1, the average sizes of the NCs were about
14 nm for 12 h (b) and 15 nm for 24 h (e), respectively. How-
ever, upon increasing the temperature from 160 to 200 8C,
and keeping the other conditions unchanged, spherical
nanoparticles were presented (Figure 1 f). To further investi-
gate the effects of precursor concentrations, CdACHTUNGTRENNUNG(NO3)2·4H2O
(1 mmol) and thioacetamide (2 mmol) were added to the re-
action system and kept at 160 8C for 12 h. Figure 1c depicted
the TEM image of CdS. From the image, a mixture of the
obtained rods, bipods, and tripods can be clearly observed.


The as-prepared NCs were characterized by power X-ray
diffraction (XRD). The XRD patterns of the CdS nanorods
prepared in oleylamine are shown in Figure 3. As shown in
Figure 3, the XRD pattern of nanoparticles (line 1) was in-
dexed to the (111), (220) and (311) reflections of the cubic
structure of CdS (JCPDS, 10–0454). Notably, these diffrac-


Figure 1. TEM images of the CdS NCs by using different amount of thio-
ACHTUNGTRENNUNGacetamide. All the samples are prepared according to the conditions pre-
sented in Table 1.


Table 1. Synthesis, conditions and resulting morphologies.


Cd ACHTUNGTRENNUNG(NO3)2·4H2O
[mmol]


CH3CSNH2


[mmol]
Solvent
[mL]


T
[8C]


t
[h]


Figure, shape and
size


1 1.2 25 160 12 Figure 1a, nanorods,
�20 nm,[a] �5 nm[b]


1 1.2 25 160 24 Figure 1d, nanorods,
�25 nm,[a] �5 nm[b]


1 1.6 25 160 12 Figure 1b, rodlike
nanoparticles,
�14 nm


1 1.6 25 160 24 Figure 1e, rodlike
nanoparticles,
�15 nm


1 1.6 25 200 12 Figure 1f, spherical,
�9 nm


1 2.0 25 160 12 Figure 1c, nanorods,
biopods, and tripods,
�17 nm,[a] �8 nm[b]


[a] Rod length, [b] Rod diameter.


Figure 2. HRTEM image of CdS nanorod.


Figure 3. XRD patterns of as-prepared CdS NCs. The pattern for
a) nanoparticles and b,c) nanorods.
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tion peaks can also be assigned to the (002), (110) and (112)
reflections of hexagonal structure of CdS (JCPDS, 41–1049).
The results imply that these nanoparticles may be the com-
posites of cubic and hexagonal CdS NCs. Indeed, the XRD
patterns of nanorods (line 2 and 3), confirmed the hexago-
nal structure of wurtzite CdS (JCPDS, 41–1049).


Synthesis of ZnS and ZnS:Mn nanorods : The effect of the
incorporation of Mn2+ ions in the Mn2+ doped ZnS NCs are
discussed first. By increasing the concentration of Mn from
0 to 10%, as shown in Table 2, the morphologies of the


as-prepared nanorods had no obvious change. From
Figure 4, it can be seen that the length of the nanorods is
less than 70 nm with diameters of less than 5 nm. The influ-
ence of temperature and growth time has also been investi-
gated. The TEM image of the ZnS:Mn (10%) nanorods pre-
pared in oleylamine, with a 1:1.2 molar ratio of Cadmium to
thioacetamide is used, for 12 h (or 24 h) at 160 8C can be
seen in Figure 4. The length of the as-prepared nanorods is
about 100 nm for 12 h (a) and 150 nm for 24 h (c). However,
there is no apparent change in the average diameter of the
nanorods. If the temperature is increased from 160 to
200 8C, short ZnS nanorods were inclined to form, and the
length decreased from 64 to 34 nm. Additionally, the effect
of the amount of thioacetamide used in the synthetic system
is also very important. Just as CdS, if ZnACHTUNGTRENNUNG(NO3)2·6H2O and
thio ACHTUNGTRENNUNGacetamide (1:1 ratio 12 h, 160 8C) was used, only ZnS
nanoparticles were obtained.


The electron diffraction patterns of ZnS:Mn nanorods,
shown in Figure 5, can be attributed to hexagonal wurtzite
ZnS (JCPDS, 36–1450) structure. The XRD patterns of the


ZnS:Mn NCs prepared in oleylamine shown in Figure 5,
match well with those from the JCPDS card (JCPDS, 36–
1450). The XRD patterns of ZnS nanorods were readily in-
dexed to the (100), (002), (101), (102), (110), (103), and
(112) reflections of hexagonal structures of wurtzite ZnS
(JCPDS, 36–1450). The HRTEM was further used to charac-
terize the as-prepared nanorods. As shown in the Figure 5,
the XRD pattern of ZnS:Mn nanoparticles (line 1) was
partly indexed to the (111), (220) and (311) reflections of
the cubic structure of ZnS (JCPDS, 05–0566). Meanwhile,
the XRD pattern of the ZnS:Mn nanoparticles also partly
confirmed the hexagonal structure of ZnS (JCPDS, 36–
1450), which indicated that the ZnS:Mn nanoparticles con-
sisted of cubic and hexagonal structures of ZnS. Moreover,
the XRD pattern of ZnS nanorods, shown in Figure 6, can
also be assigned to hexagonal wurtzite ZnS (JCPDS, 36–
1450).


Table 2. Effect of Mn2+-doped concentration on the nanorods.[a]


Zn ACHTUNGTRENNUNG(NO3)2·6H2O
[mmol], [%]


MnCl2·4H2O
[mmol], [%]


CH3CSNH2


[mmol]
T
(8C)


t
(h)


Figure, shape
and size


1 0 1.2 160 12 Figure 4h,
nanorods,
l�64 nm


1 0 1.2 200 12 Figure 4g,
nanorods,
l�34 nm


0.975, 97.5 0.025, 2.5 1.2 160 12 Figure 4e,
nanorods,
l�70 nm


0.95, 95 0.05, 5 1.2 160 12 Figure 4b,
nanorods,
l�70 nm


0.95, 95 0.05, 5 1.2 160 24 Figure 4d,
nanorods,
l�70 nm


0.9, 90 0.1, 10 1.2 160 12 Figure 4a,
nanorods,
l�100 nm


0.9, 90 0.1, 10 1.2 160 24 Figure 4c,
nanorods,
l�150 nm


[a] The nanorods synthesized in 25 mL of oleylamine. All the rod diame-
ters are less than l=5 nm (l:Rod length).


Figure 4. TEM images of the ZnS:Mn (a–e) and ZnS (g,h) nanorods ob-
tained according to the conditions presented in Table 2. f) An HRTEM
image of ZnS:Mn nanorods.


Figure 5. XRD patterns of as-prepared ZnS:Mn nanorods. The pattern of
a) nanoparticles and b,c) nanorods.
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Synthesis of CdxZn1�xS nanocrystals : Typically, different
amounts of precursors were mixed into oleylamine (25 mL),
followed by thioacetamide (1.2 mmol). The mixture was
then heated at T=160 8C for 24 h. As shown in the TEM
images (Figure 7 and Table 3), the morphologies of the


as-prepared NCs changed from nanorods to rodlike nano-
particles concurrently with the increase of the ratio of Cd2+ .
For the amount of precursor (x=0.2, 0.5, 0.8 mmol) used,
only mixtures of CdS and ZnS are obtained (Table 3). How-
ever, if CdACHTUNGTRENNUNG(NO3)2·4H2O (1 mmol) and ZnACHTUNGTRENNUNG(NO3)2·6H2O
(1 mmol) are reacted with thioacetamide (2.4 mmol) at
160 8C for 24 h, CdxZn1�xS NCs can be obtained. Thus, the
amount and the concentration ratio of the precursors can
strongly affect the formation of CdxZn1�xS NCs. Moreover,
the as-prepared NCs of different morphologies were charac-
terized by XRD. In Figure 8 the XRD patterns of the
as-prepared NCs are depicted.


Effect of surfactants : To investigate the dependency of sur-
factant on the epitaxial growth of the NCs, octadecylamine
was used to replace oleylamine. The TEM images in
Figure 9 show the semiconductor nanorods prepared in octa-
decylamine at T=160 and 180 8C. All the products were ob-
tained by heating the solution for 12 h. The structure and


composition of the nanorods have been characterized by
using TEM and electron diffraction. Short CdS nanorods
were prepared upon heating at T=160 8C (Figure 9a) and
T=180 8C (Figure 9d) for 12 h by using thioacetamide


Figure 6. XRD pattern of as-prepared ZnS nanorods.


Figure 7. TEM images of the as-prepared NCs.


Figure 9. TEM images of the CdS (a,d), ZnS (b,e), and ZnS:Mn (c,f) NCs
prepared in octadecylamine. a–c) T=160 8C, and d–f) T=180 8C.


Figure 8. XRD patterns of the as-prepared NCs. All samples were synthe-
sized in oleylamine at 160 8C for 24 h witth a 1:1.2 molar ratio of metal
ions and CH3CSNH2; a) with a mixture of 0.2 mmol Cd2+ and 0.8 mmol
Zn2+ ; b) with a mixture of 0.5 mmol Cd2+ and 0.5 mmol Zn2+ ; c) with a
mixture of 0.8 mmol Cd2+ and 0.2 mmol Zn2+ ; d) with a mixture of
1.0 mmol Cd2+ and 1.0 mmol Zn2+ .


Table 3. Synthesis conditions and resulting morphologies.


Cd ACHTUNGTRENNUNG(NO3)2


·4H2O
[mmol]


ZnACHTUNGTRENNUNG(NO3)2·6H2O
[mmol]


CH3CSNH2


[mmol]
T [8C] t (h) Figure, shape


and size


0.2 0.8 1.2 160 24 Figure 7a,
CdS+ZnS
nanorods,
l�54 nm


0.5 0.5 1.2 160 24 Figure 7b,
CdS+ZnS
bipods


0.8 0.2 1.2 160 24 Figure 7c,
CdS+ZnS rod-
like nanoparti-
cles, �7 nm


1.0 1.0 2.4 160 24 Figure 7d,
CdxZn1-xS rod-
like nanoparti-
cles, �10 nm


[a] The NCs synthesized in 25 mL of oleylamine. All the rod diameters
are less than l=5 nm (l :rod length).
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(1.2 mmol). Under the same conditions, the corresponding
long ZnS (Figure 9b,e) and ZnS:Mn nanorods were obtained
(Figure 9c,f). Analysis of the TEM observations revealed
that most of the CdS nanorods were less than �20 nm long
and the ZnS:Mn nanorods were less than �50 nm long. It is
worth noting that the as-prepared CdS and ZnS:Mn nano-
rods are shorter than those prepared in oleylamine. As we
know, there is a double bond (C=C) in the alkyl chain of
oleylamine, which makes the oleylamine more flexible than
octadecylamine. The results imply that the flexible structure
of oleylamine may be also ready for the formation of nano-
rods.[26] It should be mentioned that the NCs prepared in oc-
tadecylamine have the similar crystal structures that are not
shown here.


Formation mechanism of the nanorods : The experimental
results described here indicate that a higher concentration
of thioacetamide, as well as an appropriate solvothermal
temperature and time are suitable for the formation of semi-
conductor nanorods. Hyeon and his co-workers[27] have re-
ported the synthesis of ZnS nanorods and discussed the for-
mation mechanism. They found that excess sulfur should be
used to maintain high chemical potential, and to obtain
nanorods. In our report, similarly, the excess thioacetamide,
as the sulfur source, is favorable for the formation of CdS
(or ZnS) nanorods. Furthermore, the reasonable choice of
surfactants in the experiment was also an important factor
for the preparation of the nanorods. We speculate that the
alkylamine (octadecylamine or oleylamine) is an appropri-
ate surfactant binding to Cd2+ (or Zn2+) to generate the
elongated NCs. As shown in Figure 2 and Figure 4f, the
HRTEM image clearly shows that the alkylamines selective-
ly bind to the surfaces of crystallites, and render the epitax-
ial growth along the (001) directions, this confirms our spec-
ulation.


Optical properties of the semiconductor nanocrystals : The
fluorescence spectra of as-prepared CdS NCs with different
sizes is displayed in Figure 10a. As shown above, the CdS
NCs formed in this work had mean sizes from �5 to
�25 nm. In the present work, the emission spectra were ob-
tained under l=365 nm excitation. The multicolor lumines-
cence photos of the CdS NCs that show strong emissions
from blue to green, indicate the size-dependent quantum
confinement effects. The luminescence spectra of the as-pre-
pared ZnS:Mn NCs and the response to Mn2+-doping and
the lengths of the as-prepared nanorods is shown in Fig-
ure 10b. The fluorescence intensity becomes stronger if the
precursors ZnACHTUNGTRENNUNG(NO3)2·6H2O (1 mmol) and thioacetamide
(1 mmol) are doped with Mn2+ (10%). However, by in-
creasing the content of thioacetamide, the fluorescence in-
tensity of the as-prepared long nanorods decreased lightly.
The obtained emission spectra of ZnS: Mn NCs are assigned
to the emission of Mn2+ that corresponds to the 4T1–


6A1


transition within the 3d5 configuration of Mn2+ . The visual
image of the samples show strong red emission is obtained
by using l=254 nm irradiation. The fluorescence emission


spectrum of as-prepared ZnS NCs dispersed in cyclohexane
is displayed in Figure 10c. The ZnS NCs exhibit a strong
blue emission. The fluorescence spectra of the CdxZn1�xS
NCs are shown in Figure 10d.


Figure 10. Room-temperature fluorescence spectra and luminescence
photos of the as-prepared NCs. a) fluorescence emission spectra of CdS
NCs excited at l =365 nm; b) fluorescence spectra of ZnS:Mn NCs excit-
ed at l=254 nm; c) fluorescence emission spectrum of ZnS NCs excited
at l =365 nm; d) fluorescence spectra excited at l=365 nm, A–C) mix-
tures of CdS and ZnS, and D) CdxZn1�xS NCs, corresponding to those
given in Table 3 for Figure 7a)–d), respectively.
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Formation of hydrophilic colloidal nanospheres : For bioap-
plications such as fluorescence labels, the as-prepared nano-
rods that are dispersed in cyclohexane should be transferred
to water. In this work, a facile emulsion-based bottom-up
self-assembly approach was employed for the transfer of the
hydrophobic NCs into aqueous solution.[28] The TEM
images of CdS and ZnS:Mn nanospheres coated with CTAB
can be seen in Figure 11; all of which are water-soluble and
favorable for bioapplications.


Conclusion


In summary, we have developed a facile solvothermal
method to prepare luminescent semiconductor nanorods by
using common inorganic salts as precursors. By tuning the
synthetic conditions such as thioacetamide content, dopant
concentration, as well as reaction temperature and time,
nearly monodisperse semiconductor nanorods were ob-
tained. The luminescence and formation mechanism of as-
prepared nanocrystals (NCs) have also been investigated in
detail. Moreover, these hydrophobic NCs are transformed
into hydrophilic colloidal nanospheres, which would facili-
tate their use in bioapplications, such as fluorescence imag-
ing and immunoassays.


Experimental Section


Chemicals : All chemicals were of analytical grade and used as received
without further purification. Deionized water was used throughout.
Oleylamine was supplied by Zhejiang Ningbo Chemical Factory, China.
Octadecylamine, thioacetamide, ethanol, cyclohexane, Cd ACHTUNGTRENNUNG(NO3)2·4H2O,
Zn ACHTUNGTRENNUNG(NO3)2·6H2O, MnCl2·4H2O were purchased from the Beijing Chemi-
cal Reagent Company, China.


Solvothermal synthesis of semiconductor nanocrystals : In a typical syn-
thesis, oleylamine or octadecylamine (25 mL) was heated to 120 8C. To
this, Cd ACHTUNGTRENNUNG(NO3)2·4H2O or Zn ACHTUNGTRENNUNG(NO3)2·6H2O (1.0 mmol) or certain ratios of
Zn ACHTUNGTRENNUNG(NO3)2·6H2O with MnCl2·4H2O were added, and the mixture stirred
for 10 min. Then specific amounts of thioacetamide were added and
stirred for another 15 min. The solution was then transferred into a
Teflon-lined autoclave (50 mL) and heated at different temperatures over
a range of different times. The final products were collected by centrifug-
ing and washing the powder with ethanol and cyclohexane.


Characterization : The samples were characterized by using an X-ray dif-
fractometer (Rigaku D/max 2500Pc, CuKa radiation, l=1.5418 M). The


operation voltage and current were kept at 40 kV and 250 mA, respec-
tively. The sizes and morphologies of the NCs were obtained by using a
transmission electron microscope (JEOL JEM-1200EX) and a high-reso-
lution transmission electron microscope (Tecnai F20). Fluorescent spectra
were recorded by using a Fluorescence Spectrophotometer (Hitachi F-
4500).
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spheres with CTAB as a surfactant.
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Introduction


Studying the molecular origin of enantioselectivity is an in-
triguing topic in its own right, not least due to its impor-
tance in asymmetric synthesis and because of the distinct
role chirality plays in biological systems. Gas-phase studies
may help understanding of the intrinsic properties underly-
ing the mechanisms of chiral discrimination.[1–4] In this re-
spect, many successful attempts have been made in the last
years, and most of them can be assigned to three different
approaches.


In the first of these, chiral selectivity is probed through
the differences in abundance of diastereomeric proton-


bound complexes generated in the gas phase[5] by means of
chemical ionization (CI),[6,7] fast atom bombardment (FAB),
electrospray ionization (ESI), or matrix-assisted laser de-
sorption ionization (MALDI).[7,8]


Another technique is based on ion–molecule reactions.
For example, proton-bound complexes, each consisting of an
optically pure chiral host and one enantiomer of a chiral
guest, are mass-selected and allowed to undergo exchange
reactions with a neutral gas. The chiral effects can then be
derived from the different rate constants measured for the
exchange of each of the enantiomers of the guest, with the
chirality of the host being kept constant.[9–11]


In the third approach, based on the application of
“Cooks6 Kinetic Method”,[12–14] collision-induced dissociation
(CID) of a proton- or a metal-bound complex formed be-
tween a chiral analyte and an optically pure reference leads
to the loss either of the reference or of the analyte, and the
branching ratio (BR) of the fragments can be used to deter-
mine the enantiomeric composition of the analyte.[15]


In none of the above cases, however, is chiral discrimina-
tion connected to a fundamental chemical process—making
or breaking of covalent bonds, for example—within one of
the complex6s building blocks.


Abstract: In the presence of secondary
alcohols, electrospray ionization of
dilute methanolic solutions of nickel-
(II) salts and 1,1’-bis-2-naphthol
(BINOL) leads to complexes of the
formal composition [(BINOLato)Ni-
ACHTUNGTRENNUNG(CH3CH(OH)R)]+ (BINOLato refers
to a singly deprotonated (R)- or (S)-
1,1’-bis-2-naphthol ligand; R=CH3,
C2H5, n-C3H7, n-C4H9, n-C5H11, n-
C6H13, c-C6H11, and C6H5). Upon colli-
sion-induced dissociation, each mass-
selected nickel complex either loses the
entire secondary alcohol ligand or un-


dergoes bond activation followed by
elimination of the corresponding
ketone, as revealed by deuterium label-
ing. When enantiomeric BINOLato li-
gands (R or S) are combined with
chiral secondary alcohols (R or S), dif-
ferences in the branching ratios be-
tween these channels for the two ste-
reoisomers of the secondary alcohols


provide insight into the chiral discrimi-
nation operative in the C�H- and O�
H-bond activation processes. For satu-
rated alkan-2-ols, the chiral discrimina-
tion is low, and if any preference is ob-
served at all, ketone elimination from
the homochiral complexes (R,R and
S,S) is slightly favored. In contrast, the
diastereomeric (BINOLato)Ni+ com-
plexes of 1-phenylethanol exhibit pref-
erential ketone losses for the hetero-
chiral systems (S,R and R,S).
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Mass spectrometric studies have revealed the ability of
transition-metal ions to activate a broad variety of sub-
strates, including activation of C�H and C�O bonds.[16,17]


However, examples of chiral effects in bond-activation pro-
cesses are very rare,[18] and in many cases no significant
enantioselectivities are observed. Here[19] we report a de-
tailed mechanistic study on the enantioselective oxidation of
chiral secondary alcohols—CH3CH(OH)R (with R=CH3,
C2H5, n-C3H7, n-C4H9, n-C5H11, n-C6H13, c-C6H11, and
C6H5)—to the corresponding ketones. In analogy to well
known asymmetric hydrogenation catalysts involving a tran-
sition metal (particularly Ru) bound to a ligand with a bi-
naphthyl skeleton,[20] the chiral BINOLato ligand attached
to a NiII center has been chosen, where BINOLato stands
for singly deprotonated 1,1’-bis-2-naphthol (BINOL).[21] At
low collision energies, CID of a complex consisting of (BI-
NOLato)Ni+ and a secondary alcohol leads to two different
fragmentation channels: the loss of the entire secondary al-
cohol ligand [Eq. (1)] or the expulsion of the corresponding
ketone [Eq. (2)]. Comparison of the branching ratios of the
two competing channels for alcohol/BINOLato ligand com-
plexes with different chiralities is used to deduce the stereo-
selective effect (SE) operative in the bond-activation pro-
cesses.


Conventional mass spectrometric experiments are inher-
ently symmetrical with regard to ion mass or kinetic energy
because they do not depend on the chirality of the com-
pounds under investigation. For that very reason, in this in-
vestigation of chiral induction by gaseous (BINOLato)Ni+


ions we make use of a second chiral substrate: that is, the
secondary alcohols CH3CH(OH)R. Enantioselective dis-
crimination can thus be monitored by mass spectrometric
means by investigation of diastereomeric complexes[22]


formed from a chiral precursor—(R)- or (S)-BINOL—and a
chiral substrate: (R)- or (S)-CH3CH(OH)R).


Results and Discussion


Electrospray ionization of milimolar solutions of nickel(II)
nitrate, 1,1’-bis-2-naphthol, and a secondary alcohol (ROH)
in pure methanol leads to, among other ions, monocations
with the formal composition [(BINOLato)Ni ACHTUNGTRENNUNG(ROH)]+ . For-
mally, formation of this species corresponds to heterolysis of
Ni ACHTUNGTRENNUNG(NO3)2 in solution to afford solvated Ni2+ , followed by re-
combination with a BINOLate anion. The alternative
alkoxo structure [(BINOL)Ni(OR)]+ cannot strictly be
ruled out on the basis of experiment.[23] However, as phenols
such as BINOL are generally substantially more acidic than
alcohols,[24] and because loss of the neutral alcohol ROH
concomitant with formation of (BINOLato)Ni+ is observed


as a major process upon CID, we assign the generic struc-
ture [(BINOLato)Ni ACHTUNGTRENNUNG(ROH)]+ to these ions below[25] and
focus on the effects that variation of the substituent R
exerts on the stereoselective bond activation of the secon-
dary alcohols.[18]


As a representative example, Figure 1 shows the CID
spectrum of [{(R)-BINOLato}Ni{(R)-1-phenylethanol}]+ at
a collision energy of Elab=5 eV. At such low collision ener-
gies (ca. 1.1 eV in the center-of-mass frame), only two differ-
ent fragmentations are observed for all alcohols examined.
One dissociation channel leads to a mass-to-charge (m/z)
ratio of 343, which is assigned to the loss of the intact secon-
dary alcohol ligand according to Equation (1). A second
peak appears at m/z 345, pointing to the formation of a
cation with the formal composition [{(R)-BINOL}Ni(H)]+ ;
this is produced by dehydrogenation of the secondary alco-
hol concomitant with uptake of two hydrogen atoms by the
[{(R)-BINOLato}Ni]+ fragment, as in Equation (2).


There are three obvious possibilities for how the dehydro-
genation of the alcohol ligand can take place in the com-
plexes under study. The first corresponds to the oxidation of
the alcohol to the corresponding ketone. A second option
may involve dehydrogenation of the alcohol to the corre-
sponding enol. Finally, for higher alcohols, dehydrogenation
may occur in positions of the alkyl chain remote from the
functional group.[26,27]


In order to unravel the regioselectivity of the alcohol de-
hydrogenation, labeling experiments have been performed.
Specifically, the (BINOLato)Ni+ complexes of [2-D]-
pentan-2-ol (1a), [2-D]-isopropanol (2a), [O-D]-isopropanol


Figure 1. CID spectrum of mass-selected [{(R)-BINOLato}Ni{(R)-1-phe-
nylethanol}]+ at a collision energy of Elab =5 eV.
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(2b), and [1,1,1,3,3,3-D6]-isopropanol (2c), as representative
examples of aliphatic alcohols, as well as [1-D1]-1-phenyle-
thanol (3a) and [2,2,2-D3]-1-phenylethanol (3b), as repre-
sentative examples of aromatic alcohols, have been investi-
gated to shed light on the products formed in the dehydro-
genation of a secondary alcohol. 1-[4-(1-Hydroxyethyl)phen-
yl]-[1-D]-ethanol (4) has been used to study the kinetic iso-
tope effect (KIE) associated with the hydrogen-transfer
step.[28] Note that the labeled samples were prepared as rac-
emic mixtures.


Inspection of the data summarized in Table 1 reveals that
CID of the (BINOLato)Ni+ complexes of 1a, 2a, and 3a
exclusively leads to signals at m/z 343 and 346, where the


latter indicates incorporation of deuterium into the ionic
product. Because of the easily exchangeable deuteration in
2b, this compound was measured in CH3OD solution. CID
of the corresponding complex [([O-D]-BINOLato)Ni ACHTUNGTRENNUNG(2b)]+


affords signals at m/z=344 and 347, respectively. In con-
trast, CID of [(BINOLato)Ni ACHTUNGTRENNUNG(2c)]+ and [(BINOLato)Ni-
ACHTUNGTRENNUNG(3b)]+ affords signals at m/z 343 and 345: that is, the same
values as for the unlabeled compounds. These findings have
several implications. At first, the formation of the fragment
with m/z 343, independent of the nature and the deuterium
content of the alcohol, confirms the loss of the entire secon-
dary alcohol and thus rules out a possible fragmentation of
the BINOLato ligand. Next, formation of m/z 346 from the
complexes of the [2-D] compounds 1a, 2a, and 3a reveals
the selective transfer of H(D) from the 2-position of the al-
cohol. Together with the generation of [([O-D]-BINOL)-
Ni(D)]+ (m/z 347) from the complex of the [O-D]-labeled
compound 2b (here, the hydroxy group of the BINOLato
ligand is also labeled by deuterium originating from the sol-
vent CH3OD), the oxidation of the alcohol to the corre-
sponding ketone is implied. Finally, this conclusion is also
supported by the exclusive production of [(BINOL)Ni(H)]+


(m/z 345) from the corresponding complexes of 2c and 3b.
We note in passing that consecutive fragmentations of the
BINOLato ligand (e.g. decarbonylation) are only observed
at elevated collision energies and are not pursued any fur-
ther in this contribution.[25] As shown in Table 1, upon CID
of the complex [(BINOLato)Ni(4)]+ the amount of C�H


bond activation exceeds that of C�D bond activation, result-
ing in a KIE of 1.6�0.1. KIE values of similar size have
been found previously for related metal-mediated C�H(D)
bond activations of methoxy groups.[29] It can thus be con-
cluded that the rate-determining step of the reaction in-
volves the activation of the C�H bond.


Further mechanistic insight into the dehydrogenation
channel is provided by inspection of the energy dependen-
cies of the competing fragmentations according to Equa-
tions (1) and (2). Figure 2 shows the breakdown graphs for


the CID fragments of mass-selected [{(R)-BINOLato}-
Ni{(R)-CH3CH(OH)C6H5}]


+ . The loss of acetophenone—
CH3COC6H5—shows an apparent threshold at (1.0�0.2) eV,
reaches an intensity maximum at about 3.5 eV, and then de-
clines at higher collision energies. In contrast, the elimina-
tion of the 1-phenylethanol ligand shows a continuous in-
crease from the apparent threshold at about (1.2�0.2) eV.
Energy behavior of such a kind is mechanistically significant
because it implies that the elimination of acetophenone is
kinetically hindered, whereas the loss of the alcohol is a
simple, continuously endothermic process.[30] In the competi-
tion between these two processes at variable collision ener-
gies, the ketone elimination occurs first—that is, at lower
collision energy than the loss of the alcohol—but has to pass
through a rate-determining transition structure associated
with bond activation. In contrast, once a sufficient amount
of energy for the direct loss of the alcohol ligand is available
in CID, this barrier-free reaction can occur and predomi-
nates over the kinetically controlled ketone formation at
larger collision energies. The physicochemical origin of the
decrease in the ketone channel is thus the more rapid in-
crease in the rate constant of the continuously endothermic,
but barrier-free loss of the alcohol ligand above its thermo-
chemical threshold in relation to the rate constant for the
less energy-demanding, but entropically restricted rear-
rangement to the ketone complex. Accordingly, the activa-
tion barrier associated with the formation of the postulated
intermediate ketone complex [{(R)-BINOL}-
Ni(H)(CH3COC6H5)]


+ must be somewhat lower than the


Table 1. Mass-to-charge ratios (m/z) and abundances of the fragment
ions obtained upon CID of mass-selected [(BINOLato)Ni ACHTUNGTRENNUNG(alcohol)]+


ions.[a] All spectra have been recorded at a collision energy of Elab =5 eV.


Alcohol m/z ligand loss m/z bond activation
343 344 345 346 347


1a 56 44
2a 70 30
2b[b] 75 25
2c 68 32
3a 69 31
3b 68 32
4 72 17 11


[a] Data normalized to a sum of 100. [b] This complex was measured in
CH3OD.


Figure 2. Breakdown graph of the CID fragments of [{R)-BINOLato}-
Ni{(R)-CH3CH(OH)C6H5)}]


+ as a function of collision energy in the
center-of-mass frame; the spectrum in Figure 1 corresponds to the entry
at ECM =1.1 eV.
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bond energy of 1-phenylethanol to the (BINOLato)Ni+


fragment. In principle, the different onsets of ketone and al-
kanol loss could also be explained by the presence of the
ketone intermediate that might be formed in the spray pro-
cess or might already be present in the solution subjected to
the ESI source. The energy dependence revealed in
Figure 2, however, also excludes the presence of major
amounts of the ketone, since a mixture of [{(R)-BINOLato}-
Ni(R)-CH3CH(OH)C6H5]


+ and [{(R)-BINOL}-
Ni(H)(CH3COC6H5)]


+ already in solution cannot account
for the experimentally observed decrease in the ketone
channel at elevated collision energies. In addition, ion–mole-
cule reactions of the mass-selected [(BINOLato)Ni-
ACHTUNGTRENNUNG(CD3CH(OH)R)]+ complexes with the corresponding unla-
beled alcohols CH3CH(OH)R lead exclusively to the ex-
change of the entire alcohol ligands and thus do not show
any evidence for the presence of a significant fraction of the
corresponding ketone intermediate. A qualitative potential
energy surface (PES) of the system consistent with the ob-
served energy behavior is accordingly depicted in Figure 3.


The system under study can be regarded both as a gas-
phase model for the oxidation of alcohols and also, by refer-
ence to the principle of microscopic reversibility, as a model
for the transition-metal-catalyzed hydrogenation of ketones,
including nickel-containing systems.[31–33] Consideration of
Figure 3 from right to left implies that the metal hydride
species forms an encounter complex with the ketone in a
first step, followed by hydrogen transfer to produce the cor-
responding alcohol. After liberation of the alcohol, the cata-
lytic cycle would be closed by hydrogenation of the catalyst.
Whereas chemoselective reductions of ketones in the con-
densed phase have long been known,[34] a general strategy
for enantioselective reduction of prochiral carbonyl com-
pounds was developed only around ten years ago.[35] Many
laboratory reduction catalysts that allow for enantioselective
reduction of C=O double bonds are based upon chiral metal
hydrides, which can transfer a hydrogen molecule to the car-
bonyl moiety.[35c] Hence, the key question on which we con-
centrate below is whether in our gas-phase model system a
certain preference for dehydrogenation of one member of
an enantiomeric pair of alcohols can be observed. In this re-
spect, these complexes are well suited for systematic varia-
tion by changing the chirality either of the aryloxo ligand


(i.e., (R)- and (S)-BINOL as precursor) or of the substrate
(i.e., (R)- and (S)-alkan-2-ols). With regard to the latter, we
take advantage of the fortunate situation that binding of
alkan-2-ols to (BINOLato)Ni+ is largely preferred over
binding of methanol, which is used as the bulk solvent in the
ESI measurements. As a result, the desired complexes are
already obtained at low molar fractions of the alkan-2-ols in
solution (<1%), thereby avoiding changes in the bulk prop-
erties of the solution that might have altered the electro-
spray process. As a measure for a possible stereoselective
effect (SE), we consider the branching ratio between the
ligand-loss channel and the intensity of the activation chan-
nel for the different diastereomeric complexes investigated
(Tables 2 and 3).


Inspection of the data reported in Tables 2 and 3 reveals
competition between alcohol and ketone loss for all sub-
stituents R. As has already been concluded from the break-
down curves (Figure 2), the energy demand of the transition
structure associated with the rearrangement to the corre-
sponding ketone is thus of similar magnitude to the binding
energy of the alkan-2-ols. The stereochemical effects (SEs)
operating in the dehydrogenations of the secondary alcohols
in the complexes [(BINOLato)Ni ACHTUNGTRENNUNG(CH3CH(OH)R)]+ are
given in the last columns of Tables 2 and 3. For the smaller
aliphatic alcohols up to heptan-2-ol, the data do not reveal
any significant stereoselective effects at all (entries II to IX
in Table 2). This finding is consistent with the reasoning that
chiral discrimination in alkan-2-ols is associated with the dif-
ferentiation between the alkyl substituents R and the termi-
nal methyl group, and this difference is not pronounced
enough for small alkyl substituents. With increasing size of
the alkyl chain, modest but noticeable chiral effects are ob-
served: 0.92 for octan-2-ol and 0.87 for 1-cyclohexylethanol
at a collision energy of 3 eV, for example. These SEs (entries
VIII to XIII in Tables 2 and 3) can be assigned either to a
smaller activation barrier for dehydrogenation in the case of
the homochiral complex or to a less facile expulsion of the
alcohol ligand for the heterochiral complex.


A markedly different scenario is observed for 1-phenyl-
ethanol (entries XIV and XV in Table 3). Firstly, the ratio
between direct ligand loss and ligand activation is slightly
larger than with the other alcohols studied, thus indicating
that the evaporation of the alcohol outweighs the activation.
Secondly and more importantly, a more pronounced SE is
observed. In this case, either the heterochiral complex is
more easily activated at the chiral center than its homochiral
counterpart or, alternatively, the alcohol ligand evaporates
more easily in the homochiral complexes. Further, the re-
versed direction of the SEs relative to the aliphatic alcohols
(entries II to XI in Table 2), and particularly 1-cyclohexyle-
thanol (entries XII and XIII in Table 3), as the fully hydro-
genated analogue of 1-phenylethanol, points to a different
type of interaction between the (BINOLato)Ni+ subunit
and 1-phenylethanol in relation to the saturated alcohols. In
the latter case, differentiation by mere steric effects may be
assumed, whereas the opposite direction of the SE for 1-
phenylethanol may point to the operation of an attractive


Figure 3. Schematic potential energy surface (PES) for the competing
losses of an alcohol and a ketone from a [(BINOLato)Ni ACHTUNGTRENNUNG(ROH)]+ com-
plex with the assumption of kinetic control for the loss of the ketone.
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interaction between the arene substituent and the positively
charged metal center.[36,37]


Table 4 summarizes the results of CID measurements for
all four possible combinations of enantiomers in [(BINOLa-
to)Ni(1-phenylethanol)]+ , performed in order to confirm
the selectivity observed for the 1-phenylethanol system fur-
ther. Comparison of the homo- and heterochiral complexes
reveals a significant stereochemical effect of (1.46�0.10),
whereas no SE is found within the homo- and heterochiral
pairs (0.99�0.05). These results thus demonstrate the validi-
ty of this mass spectrometric approach for investigation of
chiral reactions in the gas phase.[13,18]


One disturbing complication associated with this approach
is that the loss of the secondary alcohol according to Equa-
tion (1), which is used as an internal reference channel, may


also be subject to a stereochem-
ical effect. Figure 4 shows the
two limiting cases in which the
SE can operate either only on
the TS associated with the hy-
drogen transfer to convert the
alcohol to the ketone (left) or
on the evaporation of the alco-
hol from the diastereomeric
complexes while the barrier
heights relative to the reactant
minima are the same (right).
With the approach used so far
it is impossible to deconvolute
these two effects directly. How-
ever, the reference channel can
be probed independently by ap-
plication of the kinetic
method.[13] To this end, trisligat-
ed complexes of the type
[(BINOLato)Ni ACHTUNGTRENNUNG(R*OH)-
ACHTUNGTRENNUNG(R’OH)]+ are generated, where
R*OH stands for a chiral sec-
ondary alcohol ligand and
R’OH for an achiral reference
alcohol. For the latter, heptan-
4-ol was used as an achiral sec-
ondary alcohol of similar size,
such that the binding properties
would not be expected to differ
too largely from those of the
alkan-2-ols. Upon introduction
of mixtures of BINOL, Ni-
ACHTUNGTRENNUNG(NO3)2, heptan-4-ol, and the
chiral alcohols CH3CH(OH)R
(R=n-C6H13 and c-C6H5) dis-
solved in MeOH to the ESI
source, the desired trisligated
complexes were generated
under soft ionization conditions,
mass-selected, and subjected to
CID.


Given the fact that the alcohols are obviously more
weakly bound then the covalently attached BINOLato
ligand in [(BINOLato)Ni ACHTUNGTRENNUNG(R*OH) ACHTUNGTRENNUNG(R’OH)]+ , it can be ex-
pected that these complexes dissociate according to Equa-
tions (3) and (4), where the branching ratios reflect the rela-
tive binding energies of the two alcohols R*OH and R’OH
to the (BINOLato)Ni+ fragment. With regard to stereo-
chemical effects, Equation (3) gives rise to a pair of separat-


Table 2. Abundances of the fragments due to the loss of the alcohol ligand [Eq. (1)] and the elimination of the
corresponding ketone [Eq. (2)] upon CID of mass-selected [(BINOLato)Ni ACHTUNGTRENNUNG(CH3CH(OH)R)]+ ions of alicyclic
alkan-2-ols at variable collision energies (Elab in eV, collision gas: xenon) and the stereochemical effects (SEs)
originating from them with error bars derived from repeated experiments.[a]


Alcohol Elab �Alcohol �Ketone SE[b]


I CH3CH(OH)CH3 (R)-BINOL 3 65 35 –
II (R)-CH3CH(OH)C2H5 (R)-BINOL 2 56 44 1.06�0.05


3 49 51 0.98�0.05
8 60 40 0.98�0.05


III (S)-CH3CH(OH)C2H5 (R)-BINOL 2 55 45
3 50 50
8 60 40


IV (S)-CH3CH(OH)C3H7 (S)-BINOL 2 48 52 0.96�0.05
3 50 50 1.03�0.05
5 55 45 1.11�0.05
8 73 27 1.02�0.05


V (S)-CH3CH(OH)C3H7 (R)-BINOL 2 49 51
3 49 51
5 52 48
8 73 27


VI (S)-CH3CH(OH)C4H9 (S)-BINOL 2 38 62 0.93�0.05
3 49 51 1.04�0.05
5 54 46 0.95�0.05
8 71 29 0.98�0.05


VII (S)-CH3CH(OH)C4H9 (R)-BINOL 2 40 60
3 48 52
5 55 45
8 72 28


VIII (R)-CH3CH(OH)C5H11 (R)-BINOL 2 33 67 0.94�0.05
3 51 49 0.97�0.05
5 58 42 0.96�0.05
8 70 30 1.02�0.05


IX (S)-CH3CH(OH)C5H11 (R)-BINOL 2 35 65
3 52 48
5 59 41
8 69 31


X (R)-CH3CH(OH)C6H13 (R)-BINOL 2 52 48 0.86�0.06
3 53 47 0.92�0.05
5 60 40 0.93�0.05
8 73 27 0.99�0.05


XI (S)-CH3CH(OH)C6H13 (R)-BINOL 2 56 44
3 55 45
5 62 38
8 73 27


[a] Branching ratios derived from repeated experiments and normalized to �=100. [b] Stereochemical effects
defined as SE= [BR(1)/BR(2)]homo/[BR(1)/BR(2)]hetero, where the indices “homo” and “hetero” indicate the
homo- (R,R and S,S) and heterochiral (R,S and R,S) complexes, with the first indicator assigning the chirality
of the BINOL and the second one the chirality of the secondary alcohol.
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ed enantiomers, which cannot be distinguished in the mass
spectrometer. In contrast, Equation (4) yields a diastereo-
meric ion, and the energetics of its formation may thus be
sensitive to the chirality of the components. As loss of the
reference alcohol R’OH from the trisligated species
[(BINOLato)Ni ACHTUNGTRENNUNG(R*OH) ACHTUNGTRENNUNG(R’OH)]+ leads to the bisligated


[(BINOLato)Ni ACHTUNGTRENNUNG(R*OH)]+ ions,
the branching ratio directly
links Equation (4) with Equa-
tions (1) and (2) described
above. Because this reasoning is
not immediately straightfor-
ward, let us outline the strategy
for the deconvolution of the
SEs associated with the losses
of the alcohol ligand and the
ketone formed by dehydrogena-
tion of the alcohol in some
more detail.


According to the kinetic
method, the ratio between
Equations (3) and (4) is propor-
tional to the differences be-
tween the free binding energies
(DG) of the alcohol ligands to
the (BINOLato)Ni+ fragment
at a given effective temperature


Teff : that is, DDGACHTUNGTRENNUNG(Teff)=DrG ACHTUNGTRENNUNG(Teff)=�RTeffln ACHTUNGTRENNUNG(k3/k4), where
the ratio of the rate constants k3/k4 is assumed to correspond
to the abundance ratio of the corresponding ionic products.
Accordingly, analysis of the branching ratios provides the
relative binding energies of the alcohol ligands to the
(BINOLato)Ni+ fragment. With regard to the diastereo-
meric complexes of (BINOLato)Ni+ with a chiral alkan-2-ol
(R*OH) and an achiral reference alcohol (R’OH), the re-
sulting energetic situation is depicted in Figure 5 (only the
(R)-BINOLato ligand is shown). The trisligated species
[{(R)-BINOLato}Ni{(R)-R*OH}R’OH]+ and [{(R)-BINOL-
ato}Ni{(S)-R*OH}R’OH]+ are diastereomeric ions, the rela-
tive stabilities of which differ by the energy DERS,dimer (in
Figure 5, the homochiral combination is deliberately as-
sumed to be more stable). Loss of the chiral alcohols R*OH
from both complexes leads to the chiral ionic fragment
[{(R)-BINOLato}Ni ACHTUNGTRENNUNG(R’OH)]+ and the chiral neutral mole-
cule R*OH, but as these species are infinitely separated
after dissociation, these channels are isoenergetic in a mass
spectrometric set-up. These fragment channels are further


Table 4. Abundances of the neutral fragments lost as shown in Eqs. (1)
and (2) upon CID of mass-selected [(BINOLato)Ni ACHTUNGTRENNUNG(CH3CH(OH)C6H5]


+


ions formed from precursors of different chirality.[a,b]


BINOL 1-Phenylethanol Alcohol Ketone SE[c]


(R) (R)
(S)


61
52


39
48


1.44�0.07


(S) (R)
(S)


52
62


48
38


1.48�0.07


[a] Branching ratios of Eqs. (1) and (2) derived from repeated experi-
ments and normalized to �=100. [b] These CID experiments are per-
formed at a collision energy of 2 eV in the laboratory frame; collision gas:
xenon. [c] Stereochemical effects defined as SE= [BR(1)/BR(2)]RR or SS/
[BR(1)/BR(2)]RS or SR, where the first indicator stands for the chirality of
the BINOL and the second for the chirality of the alcohol.


Table 3. Abundances of the fragments due to the loss of the alcohol ligand [Eq. (1)] and the elimination of the
corresponding ketone [Eq. (2)] upon CID of mass-selected [(BINOLato)Ni ACHTUNGTRENNUNG(CH3CH(OH)R)]+ ions of cyclic
alcohols at variable collision energies (Elab in eV, collision gas: xenon) and the stereochemical effects (SEs)
originating from them with error bars derived from repeated experiments.[a]


Alcohol Elab �Alcohol[a] �Ketone[a] SE[b]


XII (S)-CH3CH(OH)c-C6H11 (S)-BINOL 2 52 48 0.94�0.05
3 52 48 0.87�0.04
5 64 36 0.93�0.05
8 69 31 1.10�0.05


XIII (S)-CH3CH(OH)c-C6H11 (R)-BINOL 2 54 46
3 56 44
5 66 34
8 67 33


XIV (R)-CH3CH(OH)c-C6H5 (R)-BINOL 2 61 39 1.43�0.07
3 64 36 1.52�0.07
5 67 33 1.15�0.06
8 68 32 1.06�0.05


XV (S)-CH3CH(OH)c-C6H5 (R)-BINOL 2 52 48
3 54 46
5 64 36
8 67 33


ACHTUNGTRENNUNG[a,b] See footnotes to Table 2.


Figure 4. Schematic potential energy surfaces for the competing losses of a chiral alcohol and a ketone from [{(R)-BINOLato}Ni ACHTUNGTRENNUNG(R*OH)]+ complexes.
The solid line stands for a hypothetical achiral complex (SE=1), whereas the dashed lines show the changes for the two different chiralities of the alco-
hol (R and S are chosen arbitrarily) due to stereochemical effects (SE = 1), caused by the presence of the chiral ligand. For the loss of the ketone, kinet-
ic control via the indicated TS is assumed.
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connected by a loop to the completely separated species
[(R)-BINOLato]Ni+ , R*OH, and R’OH, which is again isoe-
nergetic for all combinations of enantiomers. The abundance
ratio of products due to Equations (3) and (4) thus also pro-
vides a measure for the stability difference (DERS) of the bi-
sligated complexes [{(R)-BINOLato}Ni ACHTUNGTRENNUNG(R*OH)]+ , which is
the missing term to be evaluated in order to enable a decon-
volution of the SEs operative in Equation (2). The only
weakness of this line of reasoning concerns the effective
temperatures, which cannot be assumed a priori to be identi-
cal for bis- and trisligated complexes (the latter would be
expected to have lower Teff values). Differences in Teff might
cause some error in this type of analysis if the energy differ-
ences DERS and DERS,dimer were large, which is not the case
here, however (see below).


In the system with 1-phenylethanol, the heptan-4-ol refer-
ence ligand is lost with a large preference (Table 5), whereas
in the complex with octan-2-ol, the latter is lost in higher
amount. This finding lends further support to the assumed
existence of an attractive interaction between the aromatic
ring of the 1-phenylethanol and the positively charged metal
center. Despite the opposite directions of the BRs, the SEs
associated with the binding of octan-2-ol and 1-phenyletha-
nol are both close to unity. With this additional information
it can be concluded that the SEs reported in Tables 2 and 3
are indeed associated with the bond-activation step in the
dehydrogenation of the alkan-2-ols to the corresponding ke-
tones.


As a result of the relatively intense parent ion signal and
high selectivity, for the 1-phenylethanol system it is possible


to analyze the enantioselectivity as a function of the colli-
sion energy (Figure 6). First principle considerations would
on the one hand suggest that the SEs are largest at low colli-
sion energies, which would therefore be considered most
sensitive to stereochemical effects. On the other hand, CID
is less efficient at low energies, such that the determination
of the fragment ion abundances is associated with an in-
creased error. Consistently with this line of reasoning, the
selectivity is indeed largest for low collision energies. As the
energy differences between the diastereomeric transition
structures may be assumed to be small, the SE decreases
with increasing internal energy and approaches an asymp-
tote with SE=1 at larger collision energy. This observation
once more supports the conclusion that in case of the com-
plex [(BINOLato)Ni(1-phenylethanol)]+ the oxidation of
the alcohol is kinetically controlled by the diastereomeric
transition structures.


Conclusion


Mass spectrometric investigations of [(BINOLato)Ni(alkan-
2-ols)]+ complexes generated by electrospray ionization
reveal the occurrence of a NiII-mediated dehydrogenation of
the alkan-2-ol ligands to the corresponding ketones. The in-
sights gained into the oxidation of chiral alcohols by refer-
ence to the concept of microscopic reversibility have some


Figure 5. Schematic energy levels for the dissociation of [(R)-BINOLato]Ni+ complexes with a chiral alkan-2-ols (R*OH) and an achiral alcohol (R’OH)
serving as an internal reference.


Table 5. Branching ratio of Eqs. (3) and (4) upon CID of mass-selected
[{(R)-BINOLato}Ni(heptan-4-ol) ACHTUNGTRENNUNG(R*OH)]+ ions with different chiralities
of the secondary alcohol and the stereochemical effects originating from
them.[a,b]


R*OH �R*OH �R’OH SE[c]


(R)-1-phenylethanol
(S)-1-phenylethanol


13
13


87
87


1.03�0.05


(R)-octan-2-ol
(S)-octan-2-ol


67
67


33
33


1.01�0.04


[a] Branching ratios of Eqs. (1) and (2) derived from repeated experi-
ments and normalized to �=100. [b] The average value of different ex-
periments performed at variable collision energies is reported (Elab 2–
8 eV). [c] Stereochemical effects defined as SE= [BR(3)/BR(4)]RR or SS/
[BR(3)/BR(4)]RS or SR, where the first indicator stands for the chirality of
the BINOL and the second for the chirality of the alcohol.


Figure 6. Stereochemical effects (SEs) obtained upon CID of mass-select-
ed [{(R)-BINOLato}Ni(1-phenylethanol)]+ complexes at different colli-
sion energies.
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bearing on the molecular mechanisms of the reverse pro-
cess: that is, the synthetically important enantioselective hy-
drogenation of ketones by transition metal catalysts. In our
approach, the demanding task of measuring stereoselective
effects is achieved by using a fragmentation channel as an
internal standard, which is insensitive with respect to the
chirality of the diastereomeric complex. Whereas the
[(BINOLato)Ni(alkan-2-ols)]+ complexes of small secon-
dary alcohols do not show significant stereoselective dis-
crimination, interactions of the remote substituents in octan-
2-ol and 1-cyclohexylethanol induce discrimination in the
rate-determining step in that hydrogen transfer is slightly fa-
vored for the homochiral complexes. In the case of 1-phe-
nylethanol, however, significant enantioselectivity in the op-
posite direction is found, which points to the existence of an
interaction between the aromatic substituent of the alcohol
and the (BINOLato)Ni+ fragment.


Experimental Section


The mass spectrometric experiments were carried out with a commercial
VG BIO-Q mass spectrometer, which has been described in detail else-
where.[38] In brief, the VG BIO-Q consists of an ESI source combined
with a tandem mass spectrometer of QHQ configuration (Q: quadrupole,
H: hexapole). In the present experiments, mmolar solutions of nickel(II)
nitrate, (R)- or (S)-1,1’-bisnaphthol, and the chiral secondary alcohol,
(R)- or (S)-CH3CH(OH)R, in pure methanol are introduced by syringe
pump (flow rate 5 mLmin�1) into the fused silica capillary of the ESI
source. Nitrogen is used as a drying and nebulizer gas at a source temper-
ature of 80 8C. For the ions of interest, the instrument parameters are op-
timized for maximal ion abundances and are kept constant for each dia-
stereomeric couple. The most crucial parameter of the ion optics is the
cone voltage UC, which determines the extent of collisional activation of
the ions evolving from solution in the differential pumping stage of the
ESI source.[39,40] Among others, cation signals are observed, which corre-


spond to (BINOLato)Ni+ (see below).
Among others, cation signals corre-
sponding to (BINOLato)Ni+ are ob-
served and adducts of the formal
composition [(BINOLato)Ni-
ACHTUNGTRENNUNG(CH3CH(OH)R)]+ ; these species form
the subject of this contribution.[25] The
stoichiometric identities of all com-
plexes were confirmed by comparison
with the expected isotope patterns[41] in
either the ion-source spectra or in ap-
propriate neutral-loss scans.[42]


For CID, the [(BINOLato)Ni ACHTUNGTRENNUNG(CH3CH(OH)R)]+ cations were mass-se-
lected by use of the first quadrupole Q1 and were then allowed to inter-
act with xenon serving as a collision gas in the hexapole at various colli-
sion energies (Elab =0–20 eV) at a pressure of about 3.0W10�4 mbar;
these approximately correspond to single-collision conditions.[38] Product
ions were analyzed by Q2 scanning. The laboratory collision energies
were converted to the center-of-mass frame: ECM = [m/ ACHTUNGTRENNUNG(M+m)]WElab, in
which m and M are the masses of the collision gas and the ionic species,
respectively. Variation of the collision energy leads to breakdown dia-
grams that allow the determination of phenomenological appearance en-
ergies (AEs)[43] of the fragmentation channels by linear extrapolation of
the signal onsets to the baseline. The errors of the AEs are estimated by
applying different linear extrapolations that are still in reasonable agree-
ment with the experimental data. As pointed out elsewhere,[38] the VG-
BIO-Q is not equipped with differential pumping in the analyzer region,
and consequently the collision gas may be present not only in the hexa-


pole collision cell, but also in the focusing region between the mass ana-
lyzers. Therefore, the AEs reported below do not correspond to the true
thermodynamic thresholds, but are only proportional to them.[44]
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Bolin Wang,[c] and Zhong-can Ou-yang[c]


Introduction


Self-assembling systems based on peptides have important
medical applications in bionanotechnology.[1–5] For instance,
the potential applications of biomaterials generated by
novel synthetic peptides include scaffolding for tissue repair
in regenerative medicine,[6–10] biological surface engineer-
ing,[11–15] drug delivery,[16–18] and mimicking ion channels in
biomembranes.[19–25] Peptide nanostructures have been


shown to be flexible under changing experimental condi-
tions. For example, the bola-amphiphile peptide monomer
N,N-di-p-benzoic acid dodecane diacid diamide can be self-
assembled into microspheres at pH 8 or nanotubes at pH 7
in citric acid/sodium hydroxide solutions, and a dumbbell-
like intermediate can be obtained by switching the pH value
between the spherical-growth and tubular-growth condi-
tions.[26] Moreover, Reches and Gazit showed that the intro-
duction of a thiol group into the diphenylalanine peptide al-
tered its assembly from tubular to spherical particles.[27] In
addition, Song et al. observed the change of self-assembled
nanotubes of d-Phe–d-Phe dipeptides into vesicle-like struc-
tures when the peptide-nanotube (PNT) dispersion was di-
luted with water. Then, NVT (N : constant number of parti-
cles; V: volume; T: temperature) Monte Carlo simulations
were performed to help the un-
derstanding of the self-assembly
of the dipeptides.[28] However,
only a few theoretical models
were established to explain the
shape transition between the
peptide nanotubes and spheri-
cal vesicle-like structures.


Previously, we reported that
a cationic dipeptide (H-Phe–
Phe-NH2·HCl, 1) can be self-as-
sembled into nanotubes at
physiological pH value and that


Abstract: Peptide-based self-assem-
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tions in different fields. Peptide nano-
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the resulting PNTs are spontaneously transformed into vesi-
cle-like structures by diluting the PNT solution.[29] Herein,
we find that these peptide vesicle-like structures can be
changed back into nanotubes by concentrating the diluted
solution. That is, the transition between the dipeptide nano-
tubes (DPNTs) and vesicle-like structures is a reversible
process which can be controlled by changing the peptide
concentration. In addition, a theoretical model has been de-
rived to help the understanding of the transition between
the peptide nanotubes and vesicle-like structures.


Results and Discussion


Transition of DPNTs into vesicle-like structures : The cation-
ic DPNTs were synthesized at a concentration of
10 mgmL�1 according to methods reported previously.[29,30]


SEM and TEM images confirmed the existence of the tubu-
lar structures self-assembled from cationic dipeptides (Fig-
ure 1a,b). As observed previously, the change of the assem-


bled nanostructures occurs when the DPNT dispersion solu-
tion is diluted with a phosphate-buffered saline (PBS) solu-
tion at pH 7.2. The transition from cationic DPNTs to vesi-
cle-like structures started at a concentration of approximate-
ly 7 mgmL�1 and was complete at a concentration of
1 mgmL�1.[29] Therefore, when the cationic DPNT dispersion
solution was diluted to 1 mgmL�1, structural analysis by
using TEM revealed that the cationic DPNTs had rear-
ranged to form peptide vesicle-like structures (Figure 2a).
Analysis by AFM confirmed the spherical shape of the
nanostructures. These vesicle-like structures are approxi-
mately 50–100 nm in height, which is in line with the TEM
analysis (Figure 2b). Furthermore, the dynamic transition
process of the nanotubes into vesicle-like structures was re-
corded by using a fluorescence microscope equipped with a
CCD camera (see the movie in the Supporting Information).
At the beginning, the DPNTs (10 mgmL�1) were labeled
fluorescently by binding, through electrostatic interactions,
with negatively charged single-stranded DNA (ss-DNA)
with attached 5-((5-aminopentyl)thioureidyl)fluorescein
(Figure 3a). Subsequently, the fluorescent nanotubes were
diluted to 5 mgmL�1. In addition to the DPNTs, a number
of vesicle-like structures were also observed after a few sec-


Figure 1. a) SEM image of the cationic DPNTs. b) TEM image of a cat-
ionic DPNTwith staining by uranyl acetate aqueous solution.


Figure 2. a) TEM image of the vesicle-like structures from cationic
DPNTs when the DPNT dispersion solution was diluted to 1 mgmL�1


(with staining by uranyl acetate). b) Height image acquired by AFM for
the vesicle-like structures from cationic DPNTs (z scale: 300 nm; height
of vesicle-like structures: 50–100 nm).


Figure 3. Fluorescence images of a) DPNTs with bound fluorescently la-
beled ss-DNA, b) the coexistence state of DPNTs and vesicle-like struc-
tures, and c) the joined necklace-like structures.
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onds (Figure 3b). Then, all of the tubular structures were
quickly converted into the vesicle-like structures. Moreover,
necklace-like structures can be observed (Figure 3c). It
should be noted that the fluorescently labeled ss-DNA pro-
motes the transition from the nanotubes to the vesicle-like
structures and makes the transition process easier to ob-
serve. This is likely because negative ss-DNA counteracts
the partial positive charge on the surface of the DPNT or
vesicle-like structure and further stabilizes the structure.


Reassembly of vesicle-like structures into DPNTs : After ob-
serving the transition of DPNTs into vesicle-like structures,
we attempted to transform the vesicle-like structures to tub-
ular structures by concentrating the diluted solution. As ex-
pected, we found that a large number of peptide nanotubes
were reformed when the diluted cationic vesicle-like struc-
tures were concentrated to 8 mgmL�1 (see Figure S1a in the
Supporting Information). An SEM image with a larger mag-
nitude indicates a typical cationic-dipeptide tubular struc-
ture (see Figure S1b in the Supporting Information). Fur-
thermore, a TEM image (Figure 4a) shows the tubular struc-


tures with enough contrast to distinguish the inner part and
the periphery of the tube. An AFM image of the concentrat-
ed cationic-dipeptide sample reveals the three-dimensional
topographic structure (Figure 4b). The cationic DPNTs are
about 110 nm in height, as estimated from the cross-section-
al profile. These analyses are consistent with the characteris-
tics of the self-assembled DPNTs at 10 mgmL�1. Additional-


ly, joined vesicles with a necklace-like structure were ob-
served when the solution was concentrated to 6 mgmL�1


(calcd; Figure 4c). These results indicate that the concentra-
tion of peptide is a critical factor during the self-assembly of
the peptide nanostructure and it affects the morphology of
the self-assembled nanostructure. Thus, the peptide nano-
structure morphology can be controlled by adjusting the
concentration of the peptide.


CD measurements with the assembled DPNTs at
10 mgmL�1 showed a spectrum analogous to those of a-heli-
cal polypeptides (Figure 5a, spectrum 1). Indeed, the maxi-
mum at 192 nm and the minimum at 206 nm correspond to
the a-helix p–p* transition. The other absorption peak at
232 nm could correspond to n–p* transitions of helical ar-
rangements of the DPNTs.[29,31] The vesicle-like-structure
system did not show any obvious CD signal (Figure 5a, spec-
trum 2). The nanotubes reversely formed by concentrating
the diluted solution showed a secondary structure similar to
one of the assembled DPNTs at 10 mgmL�1 (Figure 5a,
spectrum 3), which indicates that the peptide nanotubes
were reassembled from the diluted solution. The change in
turbidity was also measured when the nanotubes or vesicle-
like structures were diluted or concentrated (Figure 5b). It
can be seen that the turbidity decreases when the nanotube
concentration is reduced (& in Figure 5b), whereas the tur-
bidity increases when the solution of vesicle-like structures
is concentrated (* in Figure 5b). This result indicates that
the reversible tube-to-vesicle-like morphological changes
may occur during the changes in peptide concentration. It
should be noted that the turbidity changes are different
during dilution and concentration, which indicates hysteresis
during the morphological changes. The TEM morphological
analysis also shows that large numbers of vesicle-like struc-
tures, and a few nanotubes, can be observed when the dilut-
ed solution is concentrated to 6 mgmL�1 (calcd; Figure 5c).


Proposed self-assembly mechanism : It can be postulated
that the driving force for the self-assembly of the dipeptides
is offered by hydrogen bonding and p–p interactions, which
are attractive forces between p electrons in the aromatic
rings of dipeptides. The two existing states of the dipeptide
assemblies are shown in Figure S2 in the Supporting Infor-
mation. At the higher concentration of peptide
(10 mgmL�1), sufficient free energy of association by the in-
termolecular interactions can be gained. The aromatic resi-
dues in the peptide molecules consequently generate a
three-dimensional aromatic-stacking arrangement that
serves as a “glue” between the hydrogen-bonded cylinders
of the peptide main chain and promotes nanotube forma-
tion.[32] It should be noted that the X-ray diffractogram pat-
tern of a cationic DPNT is slightly different to that of a di-
phenylalanine peptide nanotube (see Figure S3 in the Sup-
porting Information).[32] This is likely because the dipeptide
charge state and the nature of the counterions that are even-
tually presented affect the molecular arrangements of the
cationic dipeptide to some extent. However, both the hydro-
gen bonding and the p–p stacking governing the self-assem-


Figure 4. a) TEM image of the cationic DPNTs (calcd: 8 mgmL�1) con-
centrated from a 1 mgmL�1 solution. b) Height AFM image of a cationic
DPNT (4O4 mm). The adjacent cross-sectional profile of the nanotube re-
veals its diameter to be 110 nm. c) TEM image of the joined necklace-
like structure when the diluted peptide solution was concentrated to
6 mgmL�1 (calcd).
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bly process are deemed to be still valid in the cationic
DPNT system. When the concentration of the peptide is de-
creased, the compact stacking structure of the nanotube is


broken and relatively noncompact stacking vesicle-like
structures are rapidly formed by peptide reassembly. In par-
ticular, the necklace-like structure can be observed directly
during concentration of the peptide dispersion system. This
observation suggests that the joined vesicle-like structures
may be precursors to the nanotubes. Similar to the results of
the simulations performed by Song et al. ,[28] the dipeptide
molecule behaves somewhat like a surfactant; the polar
groups segregate from the hydrophobic phenyl groups to
form bilayers, and some of the structures and continuous
phases formed are similar to surfactant assemblies. In our
experiment, the nanotubes are more likely to be composed
of multilamellar or bicontinuous phases because they have
thick tubular walls (see Figure 1a,b.


Theoretical model : Based on the above multilamellar
model, we set up a model for the concentration-induced
transition of the dipeptide nanotubes into spherical vesicle-
like structures. The following model allows us to simulate
the transition from the formation of multilamellar structures
into other soft matters, such as the focal conical domains in
smectic-A liquid crystals (LCs)[33,34] or coils in multishell
carbon nanotubes.[35] As shown in reference [31], through
the outward growth upon addition of a layer of thickness d
on the top of the outermost equilibrium dipeptide aggregate
(nanotube or vesicle-like structure), the corresponding in-
crease in the interfacial area (A) and volume (V) for the
multilamellar aggregate can be expressed by Equations (1)
and (2), respectively, in which H and K are the mean curva-
ture and the Gaussian curvature of the outer surface of the
nanotube or vesicle-like structure, respectively.


@A ¼
H
ð�2dHþd2KÞdA ð1Þ


@V ¼
H
ðd�dH2þ1=3d


3KÞdA ð2Þ


The extra interfacial free energy is @FA= gdA, in which g is
the tension of the solution/aggregate interface. To form the
layer, the association of dipeptide molecules from the solu-
tion (S) phase to the aggregate (A) phase induces a bulk
free-energy variation of @FV=�g0@V, in which g0 is the
Gibbs free-energy density between the S and A phases.
Since the molecular entropy in the S phase is larger than
that in the A phase, the g0 value is positive and can be esti-
mated with the ideal gas model through Equation (3), in
which CA and CS are the concentrations (molecule number
per volume) of dipeptide in the A and S phases, respectively,
kB is the Boltzman constant, and T is the temperature.


g0 ¼ CAkBT lnðCA=CSÞ ð3Þ


In addition to these energy components, the extra growth
costs a curvature elastic energy [Eq. (4)].[36,37]


@FC ¼ ðk11d=2Þ
H
ð2HÞ2dAþk5d


H
KdA ð4Þ


in which k11 is the splay elastic constant to the normal of the


Figure 5. a) CD spectra of the cationic DPNTs and vesicle-like structures.
1: the self-assembled nanotubes at 10 mgmL�1; 2: vesicle-like structures
at 1 mgmL�1; 3: the nanotubes after concentration of the diluted solu-
tion. b) Changes in turbidity with dilution (&) or concentration (*) of the
peptide dispersion solution. c) TEM image of the vesicle-like structures
when the diluted peptide solution was concentrated to 6 mgmL�1 (calcd).
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layer (the director in LCs), and for k5=2k13�k22�k24, see
the definitions in the Oseen–Frank elastic constants in LCs.
The net free energy of growth is then given by Equation (5).


F ¼ @FCþ@FAþ@FV ð5Þ


¼
H
½ð�g0=3ÞKd3þðg0HþgKÞd2þð2k11H


2þk5K�g0�2gHÞd�dA


The equilibrium shape of the aggregate can be obtained by
@F/@d=0, that is, by Equation (6).


2k11H
2þk5K�g0�2gH ¼ 0 ð6Þ


It is then found that spheres (vesicle-like structures) of
radius r0 and cylinders (nanotubes) of radius 10 are the solu-
tions of Equation (6) if they satisfy the conditions in refer-
ence [33] [Eq. (7) and (8)].


r0 ¼ k=½ðg2þg0kÞ1=2�g� ð7Þ


in which k=2k11+k5


10 ¼ k11=½ðg2þ2k11g0Þ1=2�g� ð8Þ


The challenge is now to ask which shape would be preferred
for a given CA value, considering Equations (9) and (10).


ðg2þg0kÞ1=2�g � kg0=2g ð9Þ


ðg2þ2k11g0Þ1=2�g � k11g0=g ð10Þ


The above approximation of the series expansion is based
on the experimental measurement in a liquid crystal of octy-
loxycyanobiphenyl (8OCB),[33] for which g=10�2 mNm�1,
k11=10�11 N, and g0=4 Nm�2. In the present peptide system,
g=5.63 mNm�1 (see below), which guarantees the series de-
velopment to be a better approximation than that in liquid
crystals. Considering H=�1/r0, K=1/r0


2 for spheres and
H=�1=210, K=0 for tubes, substitution of Equations (7)
and (8) into Equation (5) yields the growth energies for a
unit area of a spherical vesicle-like-structure layer and a
tube layer, which are Fsphere=�(g03d3/12g2+g0


2d2/4g) and
Ftube=�g02d2/2g, respectively. We then find the condition for
transition from a tube to a spherical vesicle-like structure to
be Ftube>Fsphere, that is, g0d>3g. By substituting g0d=3g into
Equation (3), we obtained the critical tube-to-vesicle-like-
structure concentration (CTVC) [Eq. (11)].


CTVC ¼ CAe
�3g=CAdkBT ð11Þ


As CS<CTVC, nanotubes must transform into spherical
vesicle-like structures rapidly. This confirms our above ob-
servation: the nanotubes can rapidly change into necklace-
like structures during the dilution (Figures 3c and 4c; see
also the movie in the Supporting Information). Here, for a
given material, CA has a constant value. For the cationic di-


peptide system this is given by Equation (12), in which D is
the density of the cationic dipeptide in phase A and M0 is
the dipeptide molecular weight.


CA ¼ D=M0 ¼ 1:3	 106 gm�3=363:5 gmol�1 ¼ 3:58	 103 molm�3


ð12Þ


From previous experimental information, we know that the
transition of peptide nanotubes into vesicle-like structures
starts at approximately CS=7 mgmL�1 (19.26 molm�3). The
d value is around 0.5 nm. Therefore, we can obtain a value
of g=5.63 mNm�1 by substituting all of the values in Equa-
tion (11). The value of g lies in the range of surface energies
given in Table XV II in reference [38] for a series of materi-
als and, particularly, is in very good agreement with the the-
oretically calculated values (in the range 3–6 mNm�1).
Moreover, the metastable necklace-like structures can be in-
terpreted by the above theory. Indeed, as discussed in refer-
ence [33], if the kS value is ignored, the solution of Equa-
tion (6) is a surface with a constant mean curvature. In 1841,
Delaunay[39] found the following beautiful way to construct
a rotationally symmetric hypersurface with a constant mean
curvature: by rolling a given conical section on a straight
line in a plane and then rotating the trace of a focus about
the line, one obtains such a surface. Herein, the conical sec-
tion is assumed to be an ellipse. A beaded structure is ob-
tained by the Delaunay construction with a thin ellipse sec-
tion (Figure 6a). If the ellipse is very wide, then the beaded


structure becomes vesicles in a necklace-like structure (Fig-
ure 6b). At the other limit, if the ellipse becomes a circle,
the resulting surface is a cylindrical tube (Figure 6c). In our
experiments (Figure 3; see also the movie in the Supporting
Information), by varying the CS value of the dipeptide, we
obtained all of these shape transitions.


The agreement between the theoretical model and our ex-
perimental data again confirms that the model can serve for
the description of the morphology of liquid crystals,[33, 34]


Figure 6. Illustration of the construction of a) a sphere, b) a necklace-like
structure, and c) a tube with constant mean curvature by DelaunayPs
method. f is the focus of an ellipse.
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carbon nanotubes,[35] and now peptide systems. In other
words, the present model proposes a way to engineer assem-
bling molecules, in order to devise other systems whose mor-
phology could be tuned on demand. In order to devise pep-
tide nanostructures, there are two ways to control the result-
ing structures. 1) For a given assembling molecule, at the
same experimental temperature, both CA and d are constant
values, and thus CTVC is a function of the tension of the so-
lution/aggregate interface (g). The increase or decrease of
the concentration of the assembling molecules will give a
critical concentration at a specific g value, which corre-
sponds to the nanotubes or spherical vesicle-like structures.
2) When we select or design assembled peptide molecules
with different architectures,[9,26–28,40,41] which will have differ-
ent hydrophobic/hydrophilic properties, the values of g and
the molecular size (d) will change correspondingly
[Eq. (11)] and will thus give a new critical concentration for
the transition on demand.


Finally, we would like to point out that there is still room
to improve the above theoretical model[42] by incorporating
the bulk energy of the molecules in the solution into the
free energy value, Fv. This term may be an important param-
eter in the shape transition of the peptide-based self-assem-
bling systems. Currently, only the entropy is included in the
Fv value. This is due to the consideration that for many hy-
drocarbons (for example, benzene), the entropy contribution
to the g0 value is even higher and closer to the range of 85–
100% (see page 104 in reference [38]).


Conclusion


It has been found that the cationic dipeptide is first assem-
bled into nanotubes at higher concentrations, and these tub-
ular structures can spontaneously be converted into vesicle-
like structures at lower concentrations. This reversible tran-
sition process is important for understanding the molecular
self-assembly of diphenylalanine, the core recognition motif
of the AlzheimerPs b-amyloid polypeptide, and may contrib-
ute to a deeper understanding of the molecular mechanism
of protein misfolding. Based on the reversible shape transi-
tion between DPNTs and vesicle-like structures, we have
presented an equation, which has not been reported before,
to demonstrate the rationality of the shape transitions in
combination with DelaunayPs construction method. The the-
oretical model can also be used to differentiate the shape of
the aggregate phase in solution. Additionally, the g value,
which is the tension of the solution/aggregate interface, can
be calculated if the CTVC value was determined through
the experiment. Therefore, the theoretical model of the
CTVC value has critical significance in helping the under-
standing of some shape-transition phenomena in molecular
self-assembly.


Experimental Section


Materials and methods : The cationic dipeptide (H-Phe–Phe-NH2·HCl)
was purchased from Bachem (Bubendorf, Switzerland). The cationic
DPNTs were self-assembled by dissolving dipeptide (10 mg) in
1,1,1,3,3,3-hexafluoro-2-propanol (HFP; 80 mL; Sigma–Aldrich) and then
diluting this mixture into a 10 mgmL�1 aqueous solution with PBS solu-
tion (460 mL; pH 7.2) or NH3·H2O (460 mL; pH 7.8). The concentration
process was as follows: A 2 mL homopolymer microtube containing the
1 mgmL�1 dispersion solution of the assembled peptide structure was
placed in a desiccator and the solvent was allowed to evaporate. Samples
were taken out at different times to calculate the concentration of the
dispersion system and for measurements.


Microscopy : The SEM images were acquired by an S-4300 microscope
(Hitachi, Japan). TEM was carried out with a Philips CM200-FEG instru-
ment. The movie was recorded by using an Olympus IX-70 fluorescence
microscope equipped with a CCD camera. The AFM images were re-
corded with a Nanoscope IIIa instrument (Digital Instruments, Veeco
Metrology Group, Santa Barbara, CA) in tapping mode in air. Aliquots
(5–10 mL) of peptide nanotubes or vesicle-like structures were pipetted
onto the surface of freshly cleaved mica, left for a few minutes, and then
dried with a gentle stream of nitrogen. XRD data for cationic DPNTs
prepared in pure water were collected at 3–508 by using a Rigaku D/
max-2500 instrument (CuKa1).


CD spectra : CD spectra were recorded in a JASCO 810 spectrometer at
room temperature between 190 and 280 nm by taking points at 1 nm,
with an integration time of 0.5 s. Data were collected with peptide sam-
ples on a quartz chip at a scan speed of 25 nmmin�1 with 0.5 nm step
size. Each spectrum was the average of four measurements.


Turbidity measurements : Turbidity was measured by a U-3010 UV/Visi-
ble spectrometer (Hitachi) with UV/Vis Chem Station software. The
measurements were carried out at a wavelength of 500 nm, at which
value the absorption of the aggregates was minimized. The diluting or
concentrating samples were left for more than an hour before measure-
ments were taken.


Fluorescence microscopy : An assembled DPNT (10 mgmL�1) was la-
beled fluorescently by binding with negatively charged ss-DNA labeled
with 5-((5-aminopentyl)thioureidyl)fluorescein through electrostatic in-
teractions. The above DPNT dispersion solution was diluted to
5 mgmL�1. An aliquot (5 mL) was then immediately pipetted onto a mi-
croscope glass cover slip and observed by using an Olympus IX-70 fluo-
rescence microscope equipped with a CCD camera.
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Introduction


Environmental regulations have restricted the content of ar-
omatic and alkenic hydrocarbons in gasolines, which have a
detrimental effect on their production as well as on their
octane numbers. Light isoalkanes are required for the pro-
duction of more environmentally friendly and high-octane-
number gasolines. n-Alkanes are isomerised to increase the
octane number in the naphtha (transformation of linear-
chain paraffins to branched isomers with high octane num-
bers) as well as to induce significant improvements in sever-
al physical properties of the gasoline, including the pour
point and viscosity.[1]


Much effort has been devoted to the isomerisation of
longer C7 chain alkanes in the last few years, and it has


become an interesting research avenue for both academic
researchers and industrial partners.[2–5] Akhmedov et al.
have recently reviewed the salient advances with regard to
the selective isomerisation of longer C7 chain alkanes.[2] The
conversion of longer C7 chain alkanes is not trivial as there
are two different and competing pathways, namely isomeri-
sation and cracking. The conventional reaction mechanism
is monomolecular. Alkanes are dehydrogenated on the met-
allic phase, and the alkenes generated are protonated on the
acidic sites of the catalyst to form alkylcarbenium ions. The
reaction (either isomerisation or cracking of the alkane)
then takes place on the acidic sites, and the alkene generat-
ed in the process is hydrogenated at the nearby metallic
sites, affording the isomerised-fragmented n-alkane
(Scheme 1). Thus, it is rather challenging to obtain high se-
lectivities in favour of branched isomers without an appreci-
able selectivity in favour of cracking. The b-scission of long-
chain paraffins has been reported to be the main reason for
this phenomenon.[6] Consequently, the preparation of mate-
rials with improved activities and selectivities favouring the
isomerisation of long-chain paraffins is highly desirable. Hy-
droisomerisation reactions are generally performed over bi-
functional catalysts having a noble metal function, which is
usually involved in hydrogenation–dehydrogenation process-
es, and acidic sites, which are involved in C�C skeleton rear-
rangements. The major parameters influencing the reaction
selectivity are the pore structure[7–9] and the acidity.[10–12] The
key to the successful preparation of active and selective cat-


Abstract: Platinum nanoparticles sup-
ported on Al-MCM-48 materials have
been prepared. The resultant catalysts
have been characterized by means of
XRD, N2 physisorption experiments,
scanning electron microscopy (SEM),
transmission electron microscopy
(TEM), temperature-programmed re-


duction (TPR), and diffuse reflectance
infrared Fourier-transform spectrosco-
py (DRIFTS). The activity of these


nanoparticles has been tested in rela-
tion to the hydroisomerisation of n-
octane. The catalytic activities were
typically 50%, with selectivities in the
isomerisation process in excess of
70%, favouring the formation of the 3-
methylheptane isomer with respect to
the 2- and 4-methylheptanes.


Keywords: alkanes · heterogeneous
catalysis · isomerisation ·
nanoparticles · platinum


[a] Prof. J. M. Campelo, Dr. R. Luque, Prof. D. Luna,
Prof. J. M. Marinas, Dr. A. A. Romero
Departamento de Qu?mica OrgAnica, Facultad de Ciencias
Universidad de CCrdoba, Campus Universitario de Rabanales
Edificio Marie Curie, 14014 CCrdoba (Spain)
E-mail : rla3@york.ac.uk


[b] Dr. A. F. Lee
Department of Chemistry, The University of York
Heslington, YO10 5DD, York (UK)


[c] Dr. R. Luque
Current address: Green Chemistry Centre of Excellence
The University of York
Heslington, YO10 5DD, York (UK)
Fax: (+44)190-443-2705


I 2008 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 5988 – 59955988







alysts lies in the selection of a mild acidity (to minimise the
production of cracking products) together with a highly
active metallic function (e.g. Pt, Pd, Ni), which improves the
selectivity in favour of isomerisation. Among the noble
metals, Pt has been shown to considerably increase the se-
lectivity in favour of isomerisation, and is therefore the
most suitable metal for the hydroconversion of n-alkanes.[2]


Various catalysts have been reported to be active in the
hydroisomerisation of C7 and longer C7 chain n-alkanes, in-
cluding materials based on MoO3,


[13] Pt-WO3-ZrO2,
[4,14–17]


Al-MCM-41,[18,19] zeolite-supported Pt,[20–23] and Pt–silicoalu-
minophosphates (SAPO) materials[8,9,24] as alternatives to
the traditional Pt and Re/Al2O3 catalysts. In particular, com-
pared to microporous zeolites, Al-MCM-41 materials have a
moderate acidity, and the incorporation of metallic sites into
these materials (e.g. Zr, Pt) produces solid catalysts that
have proved to be highly active and selective in the isomeri-
sation of C6 and C7 alkanes.[18,19] The optimum loading of
metal (Pt or Zr) in these materials was found to be close to
0.3 wt%, whereas Campelo et al. reported that a 0.5 wt% Pt
content gave catalysts with optimum activity and selectivity
in favour of isomerisation.[9] We have also recently reported
the preparation of catalytically active Al-MCM-48 solid
acids for use in various reactions.[25] These materials showed
great potential for use as catalysts and supports in a wide
range of applications.


Herein, we report the synthesis of platinum nanoparticles
supported on Al-MCM-48 and their catalytic performance
in the hydroisomerisation of n-octane.


Experimental Section


The preparation of the Al-MCM-48 has been reported previously.[25] The
synthesis of the supported Pt materials involved some different steps.
Firstly, the appropriate amount of tetraamine platinum(II) nitrate for the


chosen Pt loading in samples (typically 0.5 wt%) was dissolved in ethanol
and subsequently mixed with the Al-MCM-48, stirring the mixture in a
rotary evaporator at 40 8C for a few hours. Ethanol acts as the reducing
agent in the deposition of the Pt nanoparticles.[26] The materials were
then calcined in air (60 mLmin�1) at 400 8C for 2 h and then reduced in
hydrogen (100 mLmin�1) at 400 8C for 3 h. The Pt/Al-MCM-48 catalysts
are denoted as 0.5%Pt-XAl, where 0.5 wt% is the approximate Pt load-
ing and X (40 to 15) is the theoretical Si/Al ratio (in the synthesis gel) of
the Al-MCM-48 support. Materials with different Pt loadings (ranging
from 0.5 to 5% Pt) were also prepared for comparative purposes. A
0.5 wt% Pt loading was chosen as we have previously reported this to be
ideal for obtaining catalysts with optimum activity and selectivity in
favour of the isomerisation process.[9]


Characterization of the materials : Powder X-ray diffraction patterns
(XRD) were recorded on a Bruker AXS diffractometer employing CuKa


radiation (l=1.5418 P), over a 2q range from 2 to 108, with a step size of
0.028 and counting time per step of 1 s. Extended scans were performed
over a 2q range of 5 to 858, with a step size of 0.018 and a counting time
per step of 4 s.


Nitrogen physisorption was measured with a Micromeritics ASAP2000
instrument at �196 8C. Samples were degassed for 2 h at 100 8C under
vacuum (p<10�2 Pa) and subsequently analysed. The linear part of the
BET equation (relative pressure between 0.05 and 0.22) was used for the
determination of the specific surface area. The pore size distribution
(PSD) was calculated from the adsorption branch of the N2 physisorption
isotherms employing the Barret–Joyner–Halenda (BJH) formula. The cu-
mulative mesopore volume, VBJH, was obtained from the PSD curve.


Scanning electron micrographs (SEM) and elemental compositions of the
calcined samples were obtained using a JEOL JSM-6300 scanning micro-
scope with energy-dispersive X-ray analysis (EDX) at 20 kV. Samples
were coated with Au/Pd on a high-resolution SC7640 sputterer at a sput-
tering rate of 1500 V per minute, up to a thickness of 7 nm.


Transmission electron microscopy (TEM) micrographs were recorded on
an FEI Tecnai G2 fitted with a CCD camera for ease and speed of use.
The resolution was around 0.4 nm. Samples were suspended in ethanol
and immediately deposited on a copper grid prior to analysis.


Diffuse reflectance Fourier-transform infrared spectra (DRIFTS) were
recorded on a Bomem MB series instrument equipped with an environ-
mental chamber (Spectra Tech, P/N 0030–100) placed in the diffuse re-
flectance attachment (Spectra Tech, Collector). The environmental cham-
ber allows precise control of the temperature, pressure, and the environ-
ment of the sample, as well as ensuring reproducibility of the experi-
ments. The resolution was 8 cm�1, and 256 scans were averaged to obtain
spectra in the 4000–400 cm�1 range. Samples were dried at 150 8C for
24 h, mixed with KBr to 15 wt%, placed in the environmental chamber
under a 20 mLmin�1 flow of air, heated to 300 8C, and held at this tem-
perature for 1 h prior to measuring the spectra.


Surface acidity was measured in dynamic mode by means of a pulse chro-
matographic technique involving gas-phase (300 8C) adsorption of pyri-
dine (PY; sum of Brønsted and Lewis acid sites) and 2,6-dimethylpyri-
dine (DMPY; Brønsted sites) as probe molecules, using a method previ-
ously described elsewhere.[25]


The experimental procedure used for temperature-programmed desorp-
tion of pyridine (PY-TPD) has also been reported previously.[25] The ap-
paratus used for pyridine adsorption/desorption was basically a modified
gas chromatograph. The catalyst (ca. 50 mg) was packed into a stainless
steel tube of length 100 mm and diameter 4 mm, and retained therein be-
tween quartz wool plugs. Pure N2 at a flow rate of 50 mLmin�1 was used
as the carrier gas. Prior to the adsorption experiments, the catalyst was
pretreated in situ by passing pure N2 through it at a flow rate of
50 mLmin�1 and heating from 50 to 450 8C at 10 8Cmin�1 (the tempera-
ture was maintained at 450 8C for 10 min). The temperature was then
lowered to 100 8C and the adsorption experiment was carried out. Py-
TPD experiments were performed in the 50–700 8C range after saturation
of the sample followed by purging in N2 at 100 8C for 1 h.


Specific platinum surface areas and associated metal dispersions were
measured by H2 chemisorption using a Micromeritics 2700 PulseChemi-


Scheme 1. n-Alkane hydroisomerisation reaction mechanism.
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sorb surface area analyser. Samples were pre-reduced at 400 8C for 1 h
and then cooled under an Ar stream prior to measurement by the pulse
chemisorption method. Temperature-programmed reduction (TPR) was
conducted on a Stanton-Redcroft STA750 thermal analyser under a
10 vol% H2/He stream at a total flow rate of 20 mLmin�1 and with a
ramp rate of 12 8Cmin�1 between room temperature and 800 8C.


Catalytic reactions (typically with 0.1 g of catalyst) were carried out in a
continuous-flow system with PC control at 375 8C, employing hydrogen
as carrier (25 mLmin�1) at 5 bar. The n-octane (50 mLmin�1, 0.31 mmol
min�1) was fed into the system by means of a peristaltic pump. Reaction
products were identified and characterised by GC and GC-MS.


Results and Discussion


In general, the X-ray diffraction patterns of the Al-MCM-48
materials with supported platinum exhibited the characteris-
tic lines of MCM-48 materials (Figure 1).[25,27] The diffrac-
tion lines at high 2q angles (Figure 1, inset) can be assigned
to the typical fcc platinum metal by comparison with the
JCPDS card (No. 04-0802). The intensity of the Pt lines is
relatively low due to the extremely high dispersion and low
metal loading. Table 1 summarises the textural properties of
the Pt/Al-MCM-48 materials.


Pt/Al-MCM-48 materials display similar textural proper-
ties to those of the parent materials,[25] including high sur-
face areas and pore volumes, as well as pore diameters of
the order of 2 nm. Typical type IV isotherm profiles, charac-
teristic of mesoporous materials, were also obtained for all
of these materials. Elemental analyses of the mesoporous
supported materials showed that their Si/Al ratios remained
almost unaltered compared with those of the parent materi-
als.[25] Therefore, the platinum, which was present in very
low quantities (less than 1%), is believed to be incorporated
into the Al-MCM-48 materials. The interaction of the Pt
with the silicon or aluminum on the surface remains unclear,
although the presence of the Pt at such low loadings seemed
to increase the acidity of the materials (refer to Table 3 and
the PY-DRIFTS data).


TG-DTA and DRIFTS analyses of the materials bearing
supported Pt showed similar profiles to those of the parent
Al-MCM-48 materials.[25] SEM micrographs of Pt/Al-MCM-
48 (Figure 2) were similar to those of the Al-MCM-48 mate-
rials, showing particles of spherical morphology that were
very homogeneously distributed in terms of particle size and
texture.


Temperature-programmed reduction confirmed that only
reduced Pt was present in all of the samples, irrespective of
the metal loading or MCM composition. Decomposition of
the amine ligands of the tetraamine platinum(II) nitrate em-
ployed as precursor upon calcination may provide a reduc-
tive environment conducive to the reduction of the metal
nanoparticles and the formation of protons.[28] Specific metal
surface areas allowed the Pt dispersions to be calculated
(Table 2), and these exhibited only a weak dependence on
the Al content. The Pt nanoparticles were found to be well
dispersed at low metal loadings. Increased Pt loadings led to
materials with a relatively low metal dispersion (Table 2, en-
tries 6 and 7).


TEM micrographs of the Pt nanoparticles are shown in
Figure 3. The mesoporous materials exhibited a highly dis-
persed particle distribution with a relatively narrow particle
diameter range (Figure 3), in good agreement with the dis-
persion values obtained (Table 2). It should be noted that


H2 chemisorption measure-
ments necessitate a pre-reduc-
tion step at 400 8C to remove
any passivating surface oxide;
this could potentially initiate
Pt sintering over weakly inter-
acting supports, leading to an
underestimation of the true
dispersion. However, the good
agreement between particle
size estimates for the high


Table 1. Textural properties including d211 spacing, unit cell parameter (ao), surface area (SBET), pore diameter
(DBJH), pore volume (VBJH), and wall thickness (e) of Pt/Al-MCM-48 materials.


Catalyst d211 [nm] ao
[a] [nm] SBET [m2g�1] DBJH [nm] VBJH [mLg�1] e [nm] Pt


loading[b]


[%]


Actual
Si/Al
ratio[b]


0.5%Pt-40Al 3.3 8.0 1261 1.9 0.53 1.5 0.43 51
0.5%Pt-30Al 3.4 8.2 1408 1.9 0.43 1.6 0.50 41
0.5%Pt-20Al 3.4 8.2 1009 2.1 0.75 1.6 0.56 26
0.5%Pt-15Al 3.5 8.6 1100 2.1 0.72 1.9 0.53 22


[a] Cubic unit cell parameter estimated as ao =d211


p
6. [b] The atom% of Pt and Si/Al ratio were determined


by elemental analysis (EDX).


Figure 1. XRD patterns of 0.5%Pt-40Al material. The diffractogram in
the inset features the various diffraction lines of metallic platinum.


Figure 2. SEM micrographs of 0.5%Pt-30Al at different magnifications;
a) S20000 and b) S30000.
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loading samples from the dispersion values in Table 2 (using
the methodology of ref. [29] and assuming an equal ratio of
(111): ACHTUNGTRENNUNG(110): ACHTUNGTRENNUNG(100) facets) and the associated TEM analysis
suggests that the reported dispersions are accurate.[29] The
extremely high dispersion of the lowest loading (0.5% Pt)
sample indicates a significant number of sub-nanometre
clusters, which fall below the sensitivity of both powder
XRD and the TEM system. The nanoparticle morphology
was found to be spherical, with an average particle diameter
of around 4.4 nm, as calculated from the TEM micrographs.
These results are in good agreement with the particle sizes
estimated from the XRD patterns using the Scherrer equa-
tion (Table 2). An increase in Pt loading from 0.5 to 5 wt%
increased the average nanoparticle size (Table 2) and some
big metal clusters (ca. 10–15 nm) could be observed in the
materials with increased Pt loading (Figure 3B and C).


The catalysts exhibited surface acidities similar to those of
the parent materials,[25] although slightly more acidic com-
pared to Al-MCM-48 (Table 3). The incorporation of Pt
seemed to increase the acidity of the materials. Of note was
the unexpectedly high acidity of the Pt material with an Si/
Al ratio of 40 (0.5%Pt-40Al), which also exhibited the high-
est dispersion (92%, Table 2). Such an increase in acidity
compared to the parent Al-MCM-48 is, however, difficult to
rationalise. A synergistic effect between the Pt and acidic


sites in the materials might be present (even at low Pt load-
ings), which might be related to the decomposition of the Pt
amine precursor complex and its interaction with the surface
through the formation of the metal nanoparticles and pro-
tons.[28] On the other hand, the adsorbed aromatic bases, in-
cluding PY and DMPY, might also interact with the Pt spe-
cies through the formation of a complex, thereby increasing
the quantity of base adsorbed on the surface of the materi-
als. The metal–support interaction has also been reported to
influence the acidity of supported Pt materials.[28,30] Interest-
ingly, the platinised materials exhibited similar total (PY
data) and Brønsted (DMPY data) acidities (Table 3), re-
gardless of the Si/Al ratio, with the exception of the
0.5%Pt-20Al sample. Pt-SAPO materials display a much
higher density of acid sites compared to the Pt/Al-MCM-48
catalysts.


Typical traces from PY-TPD experiments are shown in
Figure 4. The PY desorption trace was deconvoluted using a
Gaussian function with temperature as a variable. Experi-
mental data, the individual components obtained by decon-
volution, and the theoretical spectrum obtained by summing
the individual peaks (standard deviations <6%) for Pt/Al-
MCM-48 materials are compared to those of Al-MCM-48 in
Figure 4 (scaled-up for comparative purposes). Peaks pres-
ent at low temperature (around 210 and 290 8C) can be as-
signed to weakly to moderately acidic sites, having a major
contribution to the acidity of the materials.[25] Peaks at
higher temperatures (ca. 460 and 660 8C, respectively) can
be attributed to more strongly acidic sites (Brønsted and
Lewis) on the materials. In general, peaks were found to be
slightly shifted to higher temperatures in the supported Pt
materials compared to Al-MCM-48, and only a small de-
crease in peak intensity and contribution (area%) was
found for Pt/Al-MCM-48 materials compared to Al-MCM-
48 (Figure 4).[25]


PY-DRIFTS measurements were also performed to com-
plete the surface acidity studies of the materials. The results


Table 2. Pt dispersion (obtained from H2 chemisorption) and average
nanoparticle sizes obtained from XRD (Scherrer equation; d=0.9l/
Bcosq) and TEM (averaging 50 particles from the TEM micrographs) of
various mesoporous Al-MCM-48-supported platinum materials.


Entry Catalyst Disper-
sion
[%]


Average particle
size (estimated
from XRD) d [nm]


Average particle
size (estimated
from TEM) [nm]


1 0.5%Pt-40Al 92 4.0 4.4
2 0.5%Pt-30Al 81 4.3 4.8
3 0.5%Pt-20Al 89 3.9 4.2
4 0.5%Pt-15Al 70 4.7 4.4
5 1%Pt-40Al 77 4.8 4.6
6 3%Pt-40Al 40 5.1 5.2
7 5%Pt-40Al 25 5.9 5.9


Figure 3. TEM micrographs (S300000, 50 nm scale bar) of Pt/Al-MCM-
48 materials. A) 1%Pt-40Al; B) 3%Pt-40Al; C) 5% Pt-40Al.


Table 3. Surface acidity, measured by PY and DMPY titration (mmol
probe molecule per g of catalyst and mmol probe molecule per m2 at
300 8C) and Brønsted-Lewis ratio (measured by PY-DRIFTS) of Pt/Al-
MCM-48 materials, compared to the values reported for Pt-SAPO mate-
rials.


Catalyst PY
ACHTUNGTRENNUNG[mmol
g�1]


PY
ACHTUNGTRENNUNG[mmol
m�2]


DMPY
ACHTUNGTRENNUNG[mmol
g�1]


DMPY
ACHTUNGTRENNUNG[mmol
m�2]


B/L ratio
(150 8C,
DRIFTS)


40Al 133 0.09 74 0.05 0.9
0.5%Pt-40Al 399 0.32 119 0.09 1.3
30Al 213 0.16 146 0.11 1.1
0.5%Pt-30Al 360 0.26 127 0.09 1.4
20Al 241 0.17 99 0.07 1.2
0.5%Pt-20Al 210 0.21 74 0.07 1.4
15Al 244 0.18 81 0.06 1.3
0.5%Pt-15Al 397 0.36 126 0.11 1.3
0.5%Pt-SAPO5 149 0.82 89 0.49 –
0.5%Pt-SAPO11 68 0.66 16 0.16 –
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are presented in Figure 5 and Table 3. The mesoporous sup-
ported catalysts exhibited several peaks due to pyridine
bound at Lewis sites (1618 and 1453 cm�1), peaks due to
pyridine bound at Brønsted acid sites (1640 and 1543 cm�1),
and a band at 1492 cm�1 attributable to pyridine interacting
with both Lewis and Brønsted acid sites.[31] The desorption
of PY at increasing temperatures results in the removal of
both Brønsted-bound and Lewis-bound PY. The Pt materials
exhibited analogous spectra to that of Al-MCM-48, featur-
ing bands with similar intensities, except in the case of the
0.5%Pt-40Al sample, for which a large increase in the inten-
sity of the DRIFTS bands was found, in good agreement
with the PY titration data. The Brønsted-Lewis ratio in the
platinised materials was found to be very similar between
samples, regardless of the aluminum content (Table 3).


The activity of the nanoparticles was then investigated in
relation to the hydroisomerisation of n-octane. The hydroi-
somerisation of n-alkanes is a very complex catalytic pro-
cess, which involves several parallel, competing, and consec-
utive reactions, including hydrogenations, isomerisations,
and cracking reactions. Therefore, a great multitude of di-
verse products is generated (Scheme 1). The kinetics of
these processes may be subjected to various approximations.
The rate of reaction of the reactant is the key approximation
to take into account, as reported previously.[32] In an ideal
bifunctional catalyst, the metal phase only (de)hydrogenates,


while the rate-determining step is the rearrangement and/or
scission of the intermediates at the acidic sites.


Very low octane conversion was found at temperatures
below 300 8C. Therefore, 350 8C was chosen as the optimum
temperature for studying the activity of the Pt nanoparticles.
The typical n-octane conversion values for the Pt/Al-MCM-
48 systems were 50%, comparable to those of Pt-SAPO ma-
terials with similar Pt content (Table 4)[9] and higher than
that of the Al-MCM-48 parent material, in good agreement
with the acidity data (Table 3). The parent Al-MCM-48 ex-
hibited activities between 20 and 30%, and almost complete
selectivity in favour of the cracking products (mainly C2 to
C5). These materials proved to be very efficient in the crack-
ing of isopropylbenzene.[25]


Selectivities in the isomerisation process were higher than
70%, favoring the formation of the 3-methylheptane isomer
over the 2- and 4-methylheptanes (Tables 4 and 5). Interest-
ingly, 2-methylheptane is preferentially obtained with Pt-
SAPO catalysts. The aluminum content did not have a
marked effect on either the conversions or the selectivities,
in good agreement with the titration data (Table 3), which
showed the Lewis and Brønsted acidities to be very similar
in the supported Pt materials regardless of the Si/Al ratio.
Only a slight decrease in conversion was found for the
0.5%Pt-20Al catalyst as compared to the others (Table 4).
The 0.5%Pt-40Al catalyst was unexpectedly active in the
hydroisomerisation reaction on the basis of its high Si/Al
ratio. Nevertheless, the high activity of this material can be
correlated to its high acidity (Table 3, Figure 5). A higher se-
lectivity in favour of the C7-isomers was also found at longer
reaction times; this increased selectivity was achieved at the
expense of the selectivity in favour of cracking. This out-
come is most likely to stem from the decrease in the conver-
sion. The most plausible explanation is that the more strong-
ly acidic sites present in the support (mainly Brønsted), re-


Figure 4. TPD profiles of mesoporous MCM-48 materials: a) 40Al,
b) 0.5%Pt-40Al, c) 20Al, and d) 0.5%Pt-20Al.


Figure 5. DRIFTS of adsorbed pyridine (1700–1400 cm�1) at 150 8C.
A) Al-MCM-48 and 0.5%Pt/Al-MCM-48 materials; a) 40Al, b) 0.5%Pt-
40Al, c) 15Al, and d) 0.5%Pt-15Al; B) 0.5%Pt-40Al at different Py de-
sorption temperatures; a) 100 8C, b) 150 8C, and c) 200 8C.
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sponsible for the formation of cracking products, are steadi-
ly deactivated with time due to the strong adsorption of car-
bonaceous species and/or the generated products (e.g.,
arenes and cyclohexane) on the catalyst surface.[33,34] Moder-
ately and weakly acidic sites, responsible for the isomerisa-
tion phenomenon, are less prone to such deactivation, so an
increase in the formation of C7-isomers is observed with a
concomitant decrease in the formation of cracking products.


Propane, butane, pentane, and hexane were obtained as
cracking products (mainly C2 to C4; Table 5). The relatively
low acidity of Al-MCM-48 materials accounts for the fact
that the formation of such products, which usually takes
place at the strongly acidic centres of the support, is not
prominent under milder reaction conditions. Increasing con-
centrations of cracking products start to appear at higher
temperatures, in good agreement with the classical consecu-
tive hydroisomerisation mechanism.[35] No multibranched
products were detected. Of note was the 1:2:1 relative ratio
of the 2-, 3-, and 4-methylheptanes (Tables 5 and 6). The
quantity of 3-methylheptane in the reaction product mixture
thus corresponds to the sum of the quantities of the 2- and
4-isomers produced. This ratio was found to be constant and
consistent for all of the Pt/Al-MCM-48 materials, regardless
of the aluminum content or the reaction time.


The most important step in the hydroconversion of n-al-
kanes is the rearrangement of the intermediate alkyl carbo-
cations (Scheme 1). The skeletal isomerisation of such car-
benium ions was originally proposed to involve propanated
cyclopropane (PCP) intermediates,[36, 37] and this is generally
accepted for alkanes larger than n-butane. According to the


PCP mechanism, 3-methylhep-
tane will be formed in prefer-
ence to the 2-methyl isomer, in
good agreement with the re-
ported experimental re-
sults.[38,39] We can therefore
conclude that the skeletal iso-
merisation of the intermediate
n-alkyl carbocations is likely to
proceed according to the PCP
mechanism as this would ac-
count for the 1:2:1 relative
ratio of the 2-, 3-, and 4-meth-
ylheptanes.


We then proceeded to investigate the effects of various
parameters, including the hydrogen pressure, temperature,
and Pt loading, on the performance of Pt/Al-MCM-48 in the
hydroisomerisation of n-octane.


The hydrogen pressure in the continuous-flow reactor was
found to be a critical parameter in determining the activity
and selectivity of the Pt nanoparticles. The activities of Pt/
Al-MCM-48 were investigated at four different hydrogen
partial pressures within the reactor (1, 3, 5, and 7 bar, re-
spectively, at 375 8C; 20 h reaction). The results are summar-
ized in Table 6.


In general, an increase in the H2 pressure in the systems
increased the total conversion of starting material (the con-
version was doubled on going from 1 to 5 bar), regardless of
the aluminum content. Contrary to the observed trends,
Chaudhari et al. reported a decrease in activity with increas-
ing hydrogen partial pressures, as a result of rapid hydroge-
nation of the intermediate alkenes and carbocations, thereby
preventing further reactions.[19] Nevertheless, we believe that
an increase in the partial pressure of hydrogen activates the
metallic sites on the catalyst surface, improving their effi-
ciency in dehydrogenating the n-alkanes to n-alkenes (first
step) and hydrogenating the iso-alkenes to the final iso-alka-
nes, therefore providing enhanced reaction rates and im-
proved C8 conversions. The increased reaction rates also af-
fected the selectivity in favour of cracking products. The for-
mation of such products (including n-propane, butane, and
hexane) did not increase significantly on increasing the H2


pressure up to 4–5 bar. A further increase in the H2 pressure
(>5 bar) led to a higher selectivity in favour of cracking


products, especially C2 to C4


products. 3-Methylheptane was
still preferentially produced in
the reaction compared to 2-
and 4-methylheptanes.


The deactivation of the ma-
terials at atmospheric pressure
(1 bar) was notable. This may
be attributed to the formation
of carbonaceous species on the
catalyst surface, which contrib-
ute to the poisoning and/or
blocking of the active centres


Table 4. Total conversions (XT, mol%) and selectivities in favour of cracking (SCK, mol%) and isomerisation
to methylheptanes (SMH, mol%), including 2-, 3-, and 4-methylheptanes, of different materials in the hydroiso-
merisation of n-octane.[a]


Catalyst 4 h reaction 12 h reaction 20 h reaction
XT SCK SMH XT SCK SMH XT SCK SMH


0.5%Pt-40Al 50 18 75 48 17 77 48 18 79
0.5%Pt-30Al 52 28 69 49 27 70 48 19 73
0.5%Pt-20Al 44 17 75 36 14 80 35 14 81
0.5%Pt-15Al 54 26 70 52 21 72 51 15 80
15Al 28 >95 – 25 >95 – 24 >95 –
0.5%Pt-SAPO5 50 79 21 45 76 24 41 65 35
0.5%Pt-SAPO11 28 33 59 25 29 64 21 26 74


[a] T=375 8C, p=5 bar, 0.1 g catalyst, WHSV=12.7 h�1; the fact that the selectivities do not total 100 is due to
toluene (ethylbenzene was also obtained in small quantities).


Table 5. Product distribution and selectivities in favour of cracking (SCK, mol%), including selectivities for C2


to C4 (SC2–4, mol%), pentane (SC5, mol%), hexane (SC6, mol%), and isomerisation to methylheptanes (SMH,
mol%), including 2-, 3-, and 4-methylheptanes (SXMH, mol%), of supported platinum materials in the hydro-
isomerisation of n-octane.[a]


Catalyst SCK SMH SOTHERS


SC2–4 SC5 SC6 S2MH S3MH S4MH STOL SETBZ


0.5%Pt-40Al 10 5 3 22 37 15 6 1
0.5%Pt-30Al 18 8 2 19 33 13 3 –
0.5%Pt-20Al 7 7 3 22 39 14 5 3
0.5%Pt-15Al 15 8 3 20 35 15 4 –
0.5%Pt-SAPO11 22 10 1 28 18 13 7 1


[a] T=375 8C; p=5 bar, 0.1 g catalyst, WHSV=12.7 h�1; 4 h reaction.
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(Table 6). However, the stabilities of the supported Pt cata-
lysts generally increase with increasing H2 pressure in the re-
actor (Table 6).[8] In any case, the materials proved to be
highly stable and the deactivation was almost negligible
(<10% of the initial catalytic activity) after 20 h of reac-
tion.


The temperature also had an important effect on the con-
version and selectivity in these systems, increasing both the
n-octane conversion and the selectivity in favour of cracking
(Table 7), in good agreement with previously reported re-
sults.[8,9,18] These increases were only significant at H2 pres-
sures higher than 3 bar. 3-Methylheptane was obtained as
the main reaction product, with a selectivity of around 30%
at temperatures below 400 8C. The platinum nanoparticles
were found to be highly stable, even at high reaction tem-
peratures (400 8C and over).


The Pt loading was another key parameter influencing the
activity of the supported Pt materials (Table 8). An increase
in the Pt loading (from 0.5 to 4 wt%) provided higher cata-
lytic activities, but also led to the formation of increasing
quantities of cracking products (mainly C2 to C4). This in-
crease in selectivity in favour of short-chain alkanes was
more significant at higher hydrogen pressures in the system
(>5 bar). Pt loadings over 4 wt% gave reduced activities, in-
dicating a less well dispersed and heterogeneous particle dis-
tribution (with metal dispersions below 40%) as well as a


higher concentration of large Pt clusters in the materials
(Figure 3C).


Conclusion


Highly active platinum nanoparticles dispersed on Al-
MCM-48 have been prepared. The supported materials dis-
played a very narrow particle size distribution. The materi-
als exhibited high activities and high selectivities in favour
of C7-branched isomers in the hydroisomerisation of n-
octane. The production of 3-methylheptane was found to be
favoured with respect to the 2- and 4-isomers, implying a
shape-selectivity effect in the mesoporous supported Pt cata-
lysts. The catalysts proved to be highly stable at high tem-
peratures and high hydrogen pressures. They therefore offer
a potentially interesting alternative to the traditional Pt, Pd,
and Re/Al2O3 supported catalysts.
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Table 6. Effect of the hydrogen pressure on the total conversion (XT, mol%) and selectivities in favour of cracking (SCK, mol%) and isomerisation to 3-
methylheptane (S3MH, mol%) and 2- and 4-methylheptanes (S2+4MH, mol%) of 3%Pt-40Al in the hydroisomerisation of n-octane.[a]


PH2
[bar] 4 h reaction 12 h reaction 20 h reaction


XT SCK S3MH S2+4MH XT SCK S3MH S2+4MH XT SCK S3MH S2+4MH


1 38 29 31 31 36 26 33 33 34 23 32 32
3 56 25 34 33 55 22 35 35 53 24 35 33
5 70 42 26 25 67 39 27 27 64 35 29 29
7 78 52 21 22 75 43 26 25 72 35 30 29


[a] T=375 8C, 0.1 g catalyst, WHSV=12.7 h�1; the fact that the selectivities do not total 100 is due to toluene (traces of ethylbenzene were also ob-
tained).


Table 7. Effect of the temperature on the total conversion (XT, mol%) and selectivities in favour of cracking (SCK, mol%) and isomerisation to 3-methyl-
heptane (S3MH, mol%) and 2- and 4-methylheptanes (S2+4MH, mol%) of 3%Pt-40Al in the hydroisomerisation of n-octane.[a]


T [8C] 4 h reaction 12 h reaction 20 h reaction
XT SCK S3MH S2+4MH XT SCK S3MH S2+4MH XT SCK S3MH S2+4MH


350 28 22 34 35 27 17 38 37 23 15 39 42
375 70 42 26 25 67 39 27 26 64 35 29 28
400 82 60 15 16 78 57 16 20 75 52 17 25


[a] p=5 bar; 0.1 g catalyst, WHSV=12.7 h�1; the fact that the selectivities do not total 100 is due to toluene (traces of ethylbenzene were also obtained).


Table 8. Effect of the Pt loading of the material on the total conversion (XT, mol%) and selectivities in favour of cracking (SCK, mol%) and isomerisa-
tion to 3-methylheptane (S3MH, mol%) and 2- and 4-methylheptanes (S2+4MH, mol%) of Pt-40Al materials in the hydroisomerisation of n-octane.[a]


Pt (%) 4 h reaction 12 h reaction 20 h reaction
XT SCK S3MH S2+4MH XT SCK S3MH S2+4MH XT SCK S3MH S2+4MH


0.5 50 18 37 38 48 17 39 39 48 18 39 38
1 54 32 31 30 50 32 31 30 49 20 38 37
3 70 42 26 25 67 39 27 26 64 35 32 30
5 61 37 29 26 57 35 28 29 55 36 29 27


[a] T=375 8C, p=5 bar, 0.1 g catalyst ; WHSV=12.7 h�1; the fact that the selectivities do not total 100 is due to toluene (traces of ethylbenzene were also
obtained).
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Introduction


Branched inorganic nanostructures, including tripods, tetra-
pods and other multipods, have recently attracted much at-
tention, owing to their unique anisotropic crystal growth,
novel properties and potential applications.[1,2] To date, mul-
tipod-like nanostructures have been observed in many inor-
ganic materials with different crystallographic structures.
For examples, a group of II–VI semiconductors having both
the zinc blende and wurtzite structures, such as CdS, CdSe,
CdTe, MnS, ZnS and ZnO, can form multipod-like nano-


structures under the proper conditions,[3,4] owing to the dif-
ferent anisotropic growth rates of the zinc blende and wurt-
zite structures during the nucleation and growth processes.
It has been determined that the branched multipods are ini-
tially nucleated in the zinc blende structure, and then grow
anisotropically into multi-tips with wurtzite structures.[3]


Moreover, some other groups found that the noble metals[5]


and rock salt-phase PbS, PbSe and MnO[6] with highly sym-
metric crystal structures could also be grown as multipods.
In this case, capping agents, such as cetyltriethylammonium
bromide (CTAB) or poly(vinyl pyrrolidone) (PVP), were
employed in the solution synthesis, which were selectively
absorbed on different nucleated crystal surfaces, for control-
ling their crystal surface growth rates and producing the
branched morphologies.[5,6] However, it still remains a chal-
lenge to fabricate other branched inorganic materials such
as ferromagnetic or ferroelectric oxides with unique func-
tionalities.


Hematite (a-Fe2O3) is the most stable iron oxide under
ambient conditions with non-toxicity, low cost, high resist-
ance to corrosion and environment-friendly features. It has
been intensively investigated owing to its promising applica-
tions in gas sensors, rechargeable lithium-ion batteries, cata-


Abstract: Flute-like porous a-Fe2O3


nanorods and branched nanostructures
such as pentapods and hexapods were
prepared through dehydration and re-
crystallisation of hydrothermally syn-
thesised b-FeOOH precursor. Trans-
mission electron microscopy (TEM),
high-resolution TEM and selected area
electron diffraction analyses reveal that
the nanorods, which grow along the
[110] direction, have nearly hollow cav-
ities and porous walls with a pore size
of 20–50 nm. The hexapods have six
symmetric arms with a diameter of 60–
80 nm and length of 400–900 nm. The


growth direction of the arms in the
hexapod-like nanostructure is also
along the [110] direction, and there is a
dihedral angle of 69.5o between adja-
cent arms. These unique iron oxide
nanostructures offer the first opportu-
nity to investigate their magnetic and
gas sensing properties. The nanostruc-
tures exhibited unusual magnetic be-
haviour, with two different Morin tem-


peratures under field-cooled and zero-
field-cooled conditions, owing to their
shape anisotropy and magnetocrystal-
line anisotropy. Furthermore, the a-
Fe2O3 nanostructures show much
better sensing performance towards
ethanol than that of the previously re-
ported polycrystalline nanotubes. In
addition, the a-Fe2O3 nanostructure
based sensor can selectively detect
formaldehyde and acetic acid among
other toxic, corrosive and irritant va-
pours at a low working temperature
with rapid response, high sensitivity
and good stability.
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lysts, magnetic devices, photo-anodes for efficient water
splitting by sunlight, waste-water treatment, pigments, bio-
logical and medical fields.[7–10] Various a-Fe2O3 micro- and
nanostructures, such as dendritic micro-pines, 3D flowerlike
architectures, urchin-like superstructures, nanospheres,
nanorods, nanowires, nanotubes, nanobelts and nanorings,
have been reported.[11–14] However, to the best of our knowl-
edge, there has no report on the synthesis of porous a-Fe2O3


branched nanostructures so far.
In this paper, we report the synthesis of a-Fe2O3 bamboo


flute-like porous nanorods and hexapod-like nanostructures
through a surfactant-free hydrothermal process with subse-
quent calcination of the hydrothermally obtained precursors.
The microstructures of the flutelike porous nanorods and
hexapods were analysed by transmission electron microsco-
py (TEM), high-resolution TEM (HRTEM) and selected
area electron diffraction (SAED). We found that the arms
of a hexpodlike nanostructure and an individual nanorod
have the same growth direction of [110]. Furthermore, the
unique porous and multipod-like nanostructures of the as-
prepared a-Fe2O3 were expected to endow them with en-
hanced performance. We measured the magnetism and gas-
sensing performance of the as-prepared a-Fe2O3 nanostruc-
tures. Magnetic measurements revealed weak ferromagnetic
behaviour at room temperature, with much lower Morin
transition temperatures than for bulk materials. We found
that the field-cooled (FC) and zero-field-cooled (ZFC) mag-
netisations of the as-synthesised a-Fe2O3 nanostructures
under an applied field of 500 Oe exhibited two different
Morin temperatures. Moreover, the as-synthesised a-Fe2O3


nanostructures show excellent sensing performance towards
some flammable, toxic and corrosive gases.


Results and Discussion


Structure and morphology characterisation : The a-Fe2O3


porous nanorods and branched nanostructures were synthes-
ised by dehydration and recrystallisation of b-FeOOH pre-
cursor, which was obtained from the hydrothermal reaction
of FeCl3 with urea in an aqueous solution, as described in
Equations (1)–(3). Figure 1 shows the X-ray diffraction
(XRD) patterns of the precursor and the final product. All
the diffraction peaks of the hydrothermally obtained precur-
sor (pattern a) can be indexed to tetragonal b-FeOOH
(JCPDS Card No. 34–1266). After being heated in air at
500 8C for 5 h, the precursor was completely converted to
pure rhombohedral phase a-Fe2O3 (pattern b, JCPDS Card
No. 33–0664). Equation (3) explains that the conversion of
b-FeOOH to a-Fe2O3 is a solid-state reaction, and only pure
Fe2O3 is left as the final product, because the H2O produced
is expelled as vapour. So this strategy is a relatively environ-
mentally friendly chemical synthetic route for large-scale
preparation of a-Fe2O3 nanostructures.


NH2CONH2 þ 3 H2O! 2NH3 �H2Oþ CO2 ð1Þ


FeCl3 þ 3 NH3 �H2O! FeOOHþ 3NH4ClþH2O ð2Þ


2 FeOOH! Fe2O3 þH2O ð3Þ


The morphology of the as-prepared nanostructures was
characterised by TEM and HRTEM. Figure 2a shows a low
magnification TEM image of the final product. The inset
contains the electron diffraction (ED) pattern, which was
taken from the whole area. The diffraction ring indicates the
polycrystalline nature of a-Fe2O3 and is highly consistent
with the XRD results. It is obvious that the as-prepared a-
Fe2O3 was composed of porous nanorods and multipod-like
nanostructures, such as those marked with frames. The
nanorods have diameters of 60–80 nm and lengths of 400–
900 nm; whereas the branched nanostructures have five or
six arms symmetrically distributed. Under higher magnifica-
tion (Figure 2b) we can see that the porous nanorods tend
to organise themselves in a parallel alignment, owing to
weak van der Waals attraction. In Figure 2c an individual
nanorod has been further magnified to show its flutelike
structure, its nearly hollow cavity and porous wall. The size
of the pores in the wall is in the range of 20–50 nm, which
was confirmed by Brunauer–Emmett–Teller (BET) surface
area measurement and the pore size distribution analysis
(See Figure S1 in the Supporting Information). This porous
network is believed to favour for gas sensing. The clear
spots in the SAED pattern (the inset in Figure 2c) reveal
the single crystalline nature of the individual a-Fe2O3 nano-
rod, with a growth direction of [�110]. Apart from the
porous nanorods, some branched nanostructures were also
observed. Figures 2d and 2e show typical hexapod and pen-
tapod nanostructures, respectively. The six arms of a hexa-
pod are distributed octahedrally with a fourfold axis of sym-
metry, whereas the five arms of a pentapod are aligned like
a tetragonal pyramid. The diameters and lengths of the arms
in both kinds of branched nanostructures are equivalent to
those of individual nanorods.


The formation of the branched multipod-like nanostruc-
ture for hematite a-Fe2O3 is of considerable interest. Fig-
ure 3a shows the TEM image of a tilted hexapod. It was
found that the branched structure is also porous, owing to


Figure 1. XRD patterns of the a) as-prepared b-FeOOH precursor and
b) the a-Fe2O3 nanostructures.
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dehydration of the precursor during the heating process.
The tip of one arm (marked with a circle in Figure 3a) was
brought into focus, as is shown in Figure 3b, along with the
corresponding SAED pattern, to indicate its single crystal-
line nature with a growth direction of [110], which is the
same as that of the straight nanorod. The corresponding
HRTEM image (Figure 3c) shows regular lattice fringes
with a spacing of 0.25 nm, which is highly consistent with
the d value of the (110) plane. The point where two arms
join (marked with a circle in Figure 3a) was further analysed
by HRTEM (Figure 3d). The distinct lattice fringes in both
arms and the core of the joint reveal unambiguously that
the hexapod nanostructure is a single crystal in essence and
that the growth directions of both arms are in the [110] di-
rection. There is a dihedral angle of 69.5o between the two
arms.


The addition of urea and the hydrothermal treatment
played an important role in obtaining the a-Fe2O3 branched
nanostructures. If FeCl3 is hythrothermally treated without
addition of urea, irregular aggregates are obtained. If the so-
lution of FeCl3 and urea is refluxed at 120 8C for 10 h, the
product is composed of needle-like particles and irregular
aggregates (not shown here), which indicates that the addi-
tion of urea could promote, to a certain extent, the growth
of one dimensional shapes. Here, urea may have a similar
role to that of some of the inorganic salts in the preparation
of 1D nanomaterials.[12a,b] Compared to other inorganic salts,
the hydrolysis products of urea are CO2 and NH3, as indicat-
ed in Equation (1), and thus do not introduce any impurities
into the target materials. So we combined the advantages of
the hydrothermal technique with the slow release of ammo-


Figure 2. The morphology of the as-synthesised a-Fe2O3 nanostructures.
TEM images: a) An overall view (inset is the ED pattern taken from the
whole area), and the frame indicates typical multipod-like structures,
b) aligned porous nanorod bundles, c) a single flutelike porous nanorod
(inset is the corresponding SAED pattern), d) hexapod nanostructures,
and e) a pentapod nanostructure.


Figure 3. Microstructure of the hexapod nanostructure. TEM images:
a) of a tilted a-Fe2O3 hexapod nanostructure and b) tip of the arm circled
in a), with the inset showing the corresponding SAED pattern. HRTEM
images; c) higher resolution image of b) and d) image of the second cir-
cled area in a) showing the joint of two arms with a dihedral angle of
69.5 8C.
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nia by the decomposition of urea to control the hydrolysis
of Fe3+ and the crystallisation of the resulting b-FeOOH
precursor, and finally synthesised the branched a-Fe2O3


nanostructures though calcination of the iron oxyhydroxide
precursor.


Magnetic behaviour : The magnetic properties of hematite in
the bulk form and on the nanoscale have been intensively
investigated, owing to their diverse applications in magnetic
storage devices, spin electronics devices, drug delivery, tissue
repair engineering and magnetic resonance imaging.[15,8b]


Bulk a-Fe2O3, besides the NKel temperature (TN =955 K),
has a first-order magnetic transition at T=263 K, which is
called the Morin transition, and the corresponding tempera-
ture is termed the Morin transition temperature (TM).
Below TM, the antiferromagnetically (AF) ordered spins are
oriented along the c-axis. Above TM, the AF spins lie in the
basal plane of the crystal with a slight canting away from
the plane. This canting results in a weak ferromagnetism.[15]


However, the a-Fe2O3 nanoparticles can exhibit antiferro-
magnetic, ferromagnetic and superparamagnetic behaviour,
depending strongly on the size, shape, porosity and the prep-
aration conditions of the materials.[15,8b] Owing to the unique
porous and branched nanostructures of the prepared a-
Fe2O3 samples (Figures 2 and 3), it is worthwhile to investi-
gate its magnetic behaviour. The temperature dependence
of magnetic moments for the as-synthesised a-Fe2O3 nano-
structures under zero-field-cooled (ZFC) and field-cooled
(FC) conditions from T=20 to 300 K are shown in Fig-
ure 4a. A field of 500 Oe was applied and the sample was
cooled or warmed with a sweep rate of temperature across
the transition of 0.2 Kmin�1. A sharp decrease in magnetisa-
tion was observed at T=252 8C for ZFC conditions, display-
ing the characteristic behaviour for a-Fe2O3. In contrast to
the bulk counterpart, the Morin temperature for the FCC
and ZFC conditions differed notably in the temperature
range studied. Although TM is reported to depend on the
specific shape, size and porosity of the nanoparticles,[12a] its
value has always been the same for FCC and ZFC measure-
ments. It is interesting that the ZFC and FCC branches of
our samples have different Morin temperatures, which were
determined by the sharp peaks in the corresponding differ-
ential curves as T=245 K and 233 K respectively (inset in
Figure 4a). We suggest that surface spins in the nanorods
and branched nanostructures re-orient themselves upon
thermal (field) cycling, inducing a different interaction ratio
for in-plane and out-plane interactions, owing to their shape
anisotropy and magnetocrystalline anisotropy. To better un-
derstand the effects of the shapes on the magnetism of a-
Fe2O3 nanostructures, further investigations should be per-
formed.


The field dependence of the magnetisation at T=273 K
(Figure 4b) confirms the weak ferromagnetism above TM.
The coercive force at T=273 K of 0.71 T is larger than that
of spherical hematite. This might be a result of both the
shape anisotropy and the magnetocrystalline anisotropy of
the porous and branched a-Fe2O3 nanostructures, which


exert an influence on their magnetic properties. Further-
more, at lower temperatures, for example at T=210 K and
10 K, these materials still show hysteresis loops that are in-
dicative of the presence of ferromagnetic components (Fig-
ure 4c).


Gas-sensing performance : The increasing concern over envi-
ronmental monitoring and safety demands in industry have
generated great interest in the development and optimisa-
tion of semiconducting gas sensors with respect to their sen-
sitivity, response rate, gas selectivity and economic efficiency
(low manufacturing costs, low operating temperatures).[16, 17]


Polycrystalline Fe2O3 nanotubes have been reported as
having good ethanol gas sensing performance.[7a] Stimulated
by the similarities of porous structure and high specific sur-
face area between the polycrystalline nanotubes and the as-
prepared porous a-Fe2O3 nanorods and branched nanostruc-
tures, we investigated the sensing performance of the as-pre-
pared nanostructures towards a variety of flammable, toxic


Figure 4. Magnetic behaviour of the as-prepared a-Fe2O3 nanostructures:
a) Temperature dependences of ZFC and FCC magnetisation for an ap-
plied field of 500 Oe. The inset shows the corresponding differential ZFC
and FCC curves. b) Magnetic hysteresis loops at T=273(&), 210(*) and
10 K (~). c) A magnified view of b).
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and corrosive gases such as ethanol, acetone, gasoline, hep-
tane, formaldehyde, toluene, acetic acid and ammonia.


Figure 5a shows a schematic diagram of the sensor
system. The gas sensor was fabricated by depositing the as-
synthesised a-Fe2O3 nanostructures as a thin film on a ce-
ramic tube with previously printed Au electrodes and Pt
conducting wires. The working temperature of the sensor
can be controlled by adjusting the heating voltage (Vheating)
across a resistor inside the ceramic tube. A reference resis-
tor is put in series with the sensor to form a complete mea-
surement circuit. In the test process, a working voltage
(Vworking) was applied. By monitoring the voltage (Voutput)
across the reference resistor, the response of the sensor in
air or in a test gas can be measured. The response character-
istics towards ethanol of the sensors based on the as-syn-
thesised a-Fe2O3 nanostructures and on commercial powder
(the XRD pattern and SEM image of which was respective-
ly shown in Figures S2 and S3 in the Supporting Informa-
tion) at a working temperature of 150 8C and 30% relative
humidity (RH) is displayed in Figure 5b. It can be seen that
Voutput values increased abruptly on the injection of ethanol
and then decreased rapidly and recovered to their initial
value after the test gas was released. From OhmMs law, the
electric resistance of the sensor accordingly underwent a de-
creasing and increasing process when the test gas was
turned on and off, respectively, which is quite consistent
with the sensing behaviour of n-type semiconductor sen-
sors.[16] The response magnitude of the sensor based on the
as-synthesised a-Fe2O3 nanostructures improved dramatical-
ly with increasing concentration of the test gas and was
always higher than that of the commercial powder. This
means that the Fe2O3 nanostructures are more sensitive to
ethanol than the commercial
powder. After many cycles be-
tween the test gas and fresh air,
the voltage of the reference re-
sistor and the resistance of the
sensor could recover their ini-
tial states, which indicates that
the sensor has good reversibili-
ty. The response time and re-
covery time (defined as the
time required to reach 90% of
the final equilibrium value) of
the nanostructure-based sensors
were only 1–3 and 4–8 s, respec-
tively. The response characteris-
tic curves of the sensors for
other gases are similar to that
for ethanol and are not shown
here.


The gas sensitivity is defined
as the ratio of the stationary
electrical resistance of the
sensor in the test gas (Rgas) and
in air (Rair), i.e. , S=Rgas/Rair.
The sensitivity of the sensors


based on the nanostructures and on the commercial powder
as a function of ethanol vapour concentration is shown in
Figure 6a. It can be seen that the sensitivity of the a-Fe2O3


Figure 5. a) Schematic illustration of the gas sensor measurement system.
b) Real-time ethanol sensing characteristics of sensors based on the pre-
pared a-Fe2O3 nanostructures (?kv) and on commercial Fe2O3 powder
(?kl).


Figure 6. Sensitivity of the sensors based on the as-prepared a-Fe2O3 nanostructures (*) and on the commer-
cial powder (*) as a function of the vapour concentration of some flammable gases; a) ethanol, b) acetone,
c) 92# gasoline and d) heptane.
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nanostructures is about five
times higher than that of the
commercial powder at 5 ppm of
ethanol vapour. Furthermore,
this discrepancy is much magni-
fied with increasing ethanol
vapour concentration, and
reaches a tenfold extent at
1000 ppm. This result indicates
that the sensing performance of
the as-prepared a-Fe2O3 nano-
rods and branched nanostruc-
tures is better than that of the
previously reported polycrystal-
line nanotubes,[7a] considering
the lower preparation cost and
higher sensitivity. The improve-
ment of the sensing perfor-
mance of the present a-Fe2O3


nanostructures may be attribut-
ed to three main aspects. In the
first place, the grain size of the
as-prepared nanorods and
branched nanostructures is
much smaller, leading to higher
specific surface area, which was
measured to be 125.2 m2g�1. The BET surface area of com-
mercial a-Fe2O3 powders is 18 m2g�1. Secondly, the abun-
dant pores distributed in three-dimensional space can facili-
tate the diffusion of the test gas and improve the kinetics of
both the reaction of the test gas with surface-adsorbed
oxygen and the replacement of the latter from the gas
phase.[17] On the other hand, the contact electronic resist-
ance of grains should be taken into consideration. The high
interconnectivity of the prepared single crystalline nano-
structures can enhance the transport of electrons and in-
crease the electronic conductance.


Apart from ethanol, some other flammable and explosive
gases such as acetone, 92# gasoline and heptane were also in-
vestigated, and the corresponding results are shown as Fig-
ure 6b–d, respectively. Obviously, the sensitivity of the as-
synthesised a-Fe2O3 nanostructures was always much better
than that of the commercial powder no mater what kind of
gas was tested. The sensitivity of the nanostructure sensor
decreased in the sequence of ethanol, acetone and gasoline.
However, the sensor could barely detect heptane, even
when its actual concentration was very high (for example
1000 ppm), indicating that the a-Fe2O3 nanostructure based
sensor has a degree of selectivity to flammable and explo-
sive gases.


Formaldehyde (HCHO) and toluene are well known toxic
chemicals and hazardous to our health and environment.
Acetic acid and ammonia are corrosive liquids and can give
off strongly irritating gases. Therefore, efficient chemical
sensors to detect these gases are demanded. Figure 7 shows
the measurement results. In general, the sensing perfor-
mance of the as-prepared nanostructures is much better


than that of the commercial powder. In regard to the detec-
tion of toxic gases, the a-Fe2O3 nanostructures exhibited
high sensitivity (S=6, Figure 7a) to HCHO vapour, even
though its concentration was very low (5 ppm). In addition,
with increasing HCHO concentration (5–200 ppm) the sensi-
tivity increased exponentially, then linearly (200–1000 ppm),
and reached 51 in the presence of 1000 ppm of HCHO
vapour. However, the sensor is not sensitive to toluene (Fig-
ure 7b). As for the corrosive and irritant gasses, the sensor
displays high sensitivity to acetic acid (Figure 7c), with S
reaching as high as S=192 in the presence of 1000 ppm of
acetic acid vapour. Here, the unusual high sensitivity of the
sensor to acetic acid may be caused by the strong chemiad-
sorption of acetic acid on the surface of the Fe2O3, owing to
the strong coordination of carboxyl to Fe3+ . In contrast, it
was not sensitive to ammonia (Figure 7d). These results re-
vealed that the as-prepared a-Fe2O3 nanostructures can se-
lectively detect formaldehyde and acetic acid with high sen-
sitivity.


It was found that the on and off responses could be re-
peated after continuous measurement for two weeks without
observing any changes in the signal, illustrating the good re-
versibility and stability of the a-Fe2O3 nanostructure based
sensor.


Conclusion


In summary, flute-like porous a-Fe2O3 nanorods and
branched nanostructures, such as pentapods and hexapods,
were synthesised by the dehydration and recrystallisation of


Figure 7. Sensitivity of the sensors based on as-prepared a-Fe2O3 nanostructures (*) and commercial powder
(*) as a function of the vapour concentration of some toxic and corrosive gases; a) formaldehyde, b) toluene,
c) acetic acid and d) ammonia.
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a hydrothermally produced b-FeOOH precursor. TEM,
HRTEM and SAED analyses revealed that the hexapod
nanostructures have six symmetric arms with a dihedral
angle of 69.58. The arms of a hexapod nanostructure grow
along the [110] direction, which is the same direction as for
an individual porous nanorod. The as-prepared a-Fe2O3


nanostructures exhibited unique magnetic properties, with
two different Morin temperatures under FCC and ZFC con-
ditions. The as-prepared a-Fe2O3 nanostructures show excel-
lent sensing performances in selectively detecting ethanol,
formaldehyde and acetic acid. These results highlight the
potential application of the as-prepared a-Fe2O3 porous and
branched nanostructures in monitoring flammable, toxic and
corrosive gases.


Experimental Section


Synthesis : Flute-like porous a-Fe2O3 nanorods and branched nanostruc-
tures were prepared through a two-step process including hydrothermal
synthesis of b-FeOOH precursor and calcination of the obtained precur-
sor. First, a mixture of FeCl3 (2 mmol) and urea (5 mmol) was hydrother-
mally treated at 120 8C for 10 h, a brown-yellow precipitate was collected,
washed with distilled water and absolute ethanol, and finally dried under
a vacuum at 60 8C for 4 h to obtain the precursor. Then, the precursor
was heated in air at 500 8C for 5 h and converted completely to the a-
Fe2O3 nanostructures.


Characterisation : The as-prepared samples were characterised by means
of X-ray diffraction (XRD, CuKa radiation, Philips 1730), scanning elec-
tron microscopy (JEOL 6460), transmission electron microscopy (TEM)
and high-resolution TEM (HRTEM, JEOL 2011). The BET surface area
measurement was performed by using a Quanta Chrome Nova 1000 Gas
Sorption Analyser. Magnetic properties were measured by using a Quan-
tum Design MPMS XL SQUID magnetometer. Gas sensing measure-
ments were carried out by means of a WS-30 A system.
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Introduction


The discovery of fullerenes, which are solely composed of
carbon atoms with fascinating graphitic nanostructures, pio-
neered a completely new field of research in science and
technology. Among the members of the fullerene family, C60


and carbon nanotubes (CNTs) have been studied extensive-
ly and targeted for applications in many fields due to their
unique physical and chemical characteristics as well as
mature production technology.[1,2] Furthermore, the combi-
nation of these two types of carbon forms has been achieved
in different ways, such as encapsulation of C60 by single-
walled carbon nanotubes (SWNTs) to form the so-called
peapods,[3] covalent linkage of C60 clusters to the surfaces of
CNTs by mechanochemical and electrochemical reac-
tions,[4,5, 27] and attachment of C60 derivatives through p–p in-
teractions between the surfaces of SWNTs and C60-linked


pyrene moieties.[6] However, covalent linkage of well-de-
fined monomeric forms of C60 to CNTs, which is more
robust and may give rise to novel structures and properties,
has not been reported up till now. Herein, we present the
first case of the covalent functionalization of SWNTs with a
monomeric form of C60 by a wet-chemistry method. The
product has been characterized in detail and shown to dis-
play essentially a grapevine nanostructure with carbon balls
attached to carbon tubes (see Figure 1), as opposed to the
peapod nanostructure with C60 occluded in SWNTs. More-
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over, the SWNT–C60 grapevines immobilized on an elec-
trode exhibit, in addition to the superimposed redox fea-
tures of the bare SWNTs, reversible electron-transfer reac-
tions of the C60 moieties similar to those with the C60 deriva-
tive in solution, but in marked contrast to those of the C60@
SWNT peapods. This shows that the C60 moieties are uni-
formly implanted on the surfaces of the SWNTs by putative
covalent linkages.


Results and Discussion


As illustrated in Scheme 1, the C60 functionalized SWNTs
depicted in Figure 1 (SWNTs 3) were synthesized by an ami-
dation reaction between the amino group bound to C60 (the
compound was produced by the neutralization of C60 deriva-
tive 1) and oxidized SWNTs (SWNTs 2, Scheme 1). To
ensure the purity of SWNTs 3, the as-obtained raw product
was purified sufficiently by washing with different solvents
(e.g. pyridine, chlorobenzene, and methanol) and by separa-
tion through centrifugation. The removal of excess C60 deriv-
ative 1 was monitored by UV/Vis spectroscopy, and the
purity of SWNTs 3 was confirmed by TLC (see the Experi-
mental Section for more detailed synthetic procedures).


SWNTs 3 were not soluble in any common solvent, which
limited their characterization in the solution state. Neverthe-
less, sufficient proof for the formation of SWNTs 3 was at-
tained by means of FTIR, ultraviolet-visible (UV/Vis), X-
ray photoelectron (XPS), Raman, and ESR spectroscopy, as
well as secondary-ion mass spectrometry (SIMS) and TEM.


Structural investigation of SWNTs 3 by FTIR spectrosco-
py revealed an absorption peak at 527 cm�1, which corre-
sponded to the strongest intramolecular F1u mode of C60


(inset of Figure 2a) and can be compared with the same but
more prominent peak in the FTIR spectrum of the C60 de-
rivative 1 shown in Figure 2c.[4,7] This suggests that C60 has
been attached covalently to SWNTs since the thorough re-
moval of any excess C60 derivative 1 was confirmed by UV/
Vis spectroscopy. The appearance of an absorption band at
1680 cm�1 in the FTIR spectrum of SWNTs 3 revealed the
formation of amide carbonyl bonds, which indicates that the
linkage between C60 molecules and SWNTs has indeed been
achieved by amidation. This is consistent with the decrease
in the relative absorbance of the carboxylic carbonyl groups
bound to the SWNTs (located at 1750 cm�1) after the link-
age of C60, with respect to that of the C=C stretch of the
SWNTs backbones at 1588 cm�1. Noticeably, an absorbance
band at around 1680 cm�1 can also be observed in the spec-


trum of the C60 derivative 1
(Figure 2c), but this peak is de-
rived from the carbonyl group
of the trifluoroacetate salt
formed by the cleavage of the
tert-butyloxycarbonyl (Boc)
group, which can be removed
after neutralization and purifi-
cation treatments.[8]


The formation of SWNTs 3
was further confirmed from
the UV/Vis spectrum as shown
in Figure 3. Relative to the ab-
sorption spectrum of the pris-
tine SWNTs (as-received
SWNTs), which show features
of the van Hove singularities,
the spectra of both SWNTs 2
and 3 are relatively more fea-
tureless, due to a substantial
sp2 to sp3 bonding conversion
after the oxidative treatment
of the SWNTs.[9,10] The UV/Vis
spectrum of a suspension of
SWNTs 3 in o-dichlorobenzene
displays two peaks located at
327 and 430 nm. The peak at
327 nm can be assigned to the
allowed 1T1u!1Ag transition of
C60,


[11] whereas the peak at
430 nm is the characteristic
feature of monofunctionalized
C60 present in solution in the


Scheme 1. Reaction scheme for the covalent functionalization of a SWNT with C60. TFA= trifluoroacetic acid,
EDC=N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride, HOBt=1-hydroxybenzotriazole hy-
drate.
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form of monomers (inset of Figure 2),[12] which is in accord
with the covalent binding of C60 to SWNTs. Remarkably, the
monomeric form of the C60 molecules on the surfaces of the
SWNTs and the absence of aggregations in the suspension
of SWNTs 3 suggests the covalent functionalization is quite
homogeneous. More directly, the existence of the monomer-
ic form of C60 covalently attached to SWNTs can be con-
firmed by TEM images as vividly shown in Figure 4. The


typical TEM images of SWNTs 2 and 3 (see Figure 4) repre-
sent individual/small bundles of SWNTs. In the images of
SWNTs 3, circles (some of them are denoted by white
arrows) on the surfaces of SWNTs can be clearly observed.
It is reasonable to assume that these circles represent the
profiles of the C60 molecules simply from their size and
shape. In contrast, the SWNTs 2 show only clean and
smooth nanotube surfaces.


Raman spectroscopy of SWNTs 3 was also investigated,
by comparison with that of SWNTs 2, C60 derivative 1, and
pristine SWNTs, to analyze the effect of the derivatization
on the vibrational modes. The results are presented in Fig-
ure 5a. In the spectrum of SWNTs 3 (Figure 5), besides the
Raman peaks of the tangential mode (G mode) located at
1582 cm�1, the disorder mode (D mode) located at
1347 cm�1, and the radial breathing mode (RBM) located at
170 ~270 cm�1,[13] a peak centered at 1458 cm�1 can also be
observed, which should be assigned to the Ag(2) mode of
the C60 cage.[14] In addition, it is worth noting that the rela-
tive Raman intensity of the D mode of both SWNTs 2 and 3
with respect to their G mode is obviously larger than the
corresponding intensity ratio of the pristine SWNTs, which
can be ascribed to the increase of structural defects on the
SWNTs surfaces induced by the oxidation treatment.[15] This
is consistent with the decrease of the UV/Vis absorption fea-
tures of SWNTs (the van Hove singularities) after the oxida-
tion treatment described above (Figure 3). Figure 6 provides
further evidence for the covalent linkage between C60 and
SWNT moieties by SIMS analysis. A strong peak for C60 is
clearly observed in the SIMS spectrum of SWNTs 3 in addi-
tion to the mass peaks arising from other fragment ions of
SWNTs 3.


Figure 2. FTIR spectra of a) SWNTs 3 (the inset shows the enlarged F1u


mode region, the peak of the F1u mode of C60 moieties is denoted by an
arrow), b) SWNTs 2, and c) C60 derivative 1.


Figure 3. Absorption spectra of SWNTs 3 (c, the inset shows an en-
larged region of this spectrum), SWNTs 2 (g), pristine SWNTs (d),
and C60 derivative 1 (a).


Figure 4. a,b) Typical TEM images of SWNTs 3, (the arrows denote the
C60 molecules on the surfaces of the SWNTs). c,d) TEM images of
SWNTs 2.
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XPS analysis results for SWNTs 3 are shown in Figure 7a.
An N1s peak centered at 399.7 eV is observed and can be
fitted to two further line shapes with binding energies of
400.27 and 399.47 eV (inset of Figure 7a), which are ascriba-
ble to the pyrrolidine and amide nitrogen atoms, respective-
ly.[16] In contrast, no trace of the N1s peak at the same bind-
ing energy can be found in the XPS spectrum of SWNTs 2
(Figure 7b). This serves to verify the formation of the amide
bonds in SWNTs 3. Based on the atomic ratio of C to N de-
termined by XPS, it can be evaluated that one C60 molecule
is covalently attached for every ~100 carbon atoms of
SWNTs 3. This C60 coverage on the SWNTs surfaces ap-


pears to be quite high, a fact that is consistent with the
TEM images shown in Figure 4.


To understand the electronic interaction between the
SWNT and C60 moieties of SWNTs 3, an ESR investigation
was carried out. As Figure 8 shows, the ESR spectra of both
SWNTs 2 and 3 display a typical first derivative signal with
a symmetric partition of the amplitude. The ESR signal
from SWNTs 2 that is contributed by the conducting elec-
trons appears at g �1.9932 (in which g is the electron g
factor) with DHpp �5 G (in which DHpp is the peak-to-peak


Figure 5. Raman spectra of a) SWNTs 3, b) SWNTs 2, c) pristine SWNTs,
and d) C60 derivative 1.


Figure 6. SIMS spectrum of SWNTs 3.


Figure 7. XPS spectra of a) SWNTs 3 (the inset shows a narrow scan
spectrum in the N1s region and the corresponding fits) and b) SWNTs 2.


Figure 8. ESR spectrum of a) SWNTs 3 and b) SWNTs 2.
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separation (ESR linewidth)),[17] whereas SWNTs 3 exhibit a
relatively narrow ESR signal with a g value of 1.9937 and
DHpp of 3 G. This distinction should be induced by the elec-
tronic interaction between the SWNTs and C60 moieties of
SWNTs 3, since both of the ESR spectra were recorded
under exactly the same conditions. It is known that C60 pos-
sesses a stronger electron-withdrawing ability than CNTs,[18]


which should conduce to shift the ground-state electron
cloud towards C60 from the SWNT. However, in our case,
no ESR signals from the radical anions of C60 derivatives (g
value would be in the range of 1.9998 to 2.0010[19]) were
found in the ESR spectrum of SWNTs 3, which indicates
only a partial electron transfer or an electron-transfer trend
from the SWNT to the C60 moiety in SWNTs 3.


Also, to understand the SWNT–C60 interactions, we stud-
ied the electronic structure of the grapevine carbon nanoma-
terial SWNTs 3 by cyclic voltammetry by using the C60 de-
rivative 1 as a control. Figure 9a shows cyclic voltamagrams
of a film of SWNTs 3, a film of C60 derivative 1, and 1 dis-
solved in a mixture of toluene and acetonitrile. Interestingly,
well-defined redox responses were observed (c), which
resemble those of C60 derivative 1 dissolved in an acetoni-
trile/toluene mixture on a glassy carbon (GC) working elec-
trode (a), but superimposed on the redox curve of the
bare SWNTs with monotonic charge injection over the
whole potential range.[20] More specifically, the film of
SWNTs 3 exhibits reversible multiple-step electron-transfer
reactions corresponding to 1/1� (-0.98 V), 1�/12� (-1.33 V),
and 12�/13� (-1.75 V). This is in sharp contrast with the cyclic
voltammetric responses of the film of C60 derivative 1 in ace-
tonitrile containing 0.1m tetrabutylammonium hexafluoro-
phosphate (TBAPF6) (see inset of Figure 9a). It is well-
known that the redox waves of C60 (or its derivatives) films
show irreversible behavior (i.e., a large splitting appears be-
tween its reduction and re-oxidation waves) because of ag-
gregation and structural rearrangement of the C60 mole-
cules.[21] In our case, the irreversible behavior of the film of
the C60 derivative 1 exhibited in the inset of Figure 9a can
also be attributed to the aggregation and structural rear-
rangement of 1 during cyclic-voltammetric scanning. After
C60 derivative 1 was chemically linked to the surfaces of the
SWNTs to form SWNTs 3, the film exhibited well-defined
redox behavior, with reversible redox waves. This redox be-
havior resembled that of 1 in solution, which indicates that
the sort of aggregation and structural rearrangement ob-
served in the film of 1 has been largely suppressed here, evi-
dently because 1 is now highly dispersed in the uniform
matrix of the SWNTs. Moreover, the cyclic-voltammetric re-
sponses of the grapevine carbon nanostructure are also dif-
ferent from those of the carbon peapods formed by insertion
of C60 into the SWNTs, which are actually more analogous
to those of empty SWNTs and do not show the distinct
redox couples of C60.


[3,22] On the other hand, it has been well
documented that when an electron-donating molecule such
as a porphyrin is covalently attached to C60, a cathodic shift
with respect to that of C60 is normally observed due to elec-
tron transfer between the two moieties.[23,24] In a similar


vein, when a SWNT is linked to the C60 derivative 1 to form
3, the electron-donating ability of the SWNT is also expect-
ed to yield a cathodic shift as we observed in the film of 3 as
listed in Table 1.


From Table 1, it was found that the differences between
the reduction waves and corresponding re-oxidation waves


Figure 9. a) Cyclic voltamagrams of a film of SWNTs 3 (c) and a film
of 1 (inset) in acetonitrile containing 0.1 molL�1 TBAPF6, and a cylcic
voltamagram of 1 (a) dissolved in a mixture of acetonitrile and tolu-
ene (1:4 v/v) containing 0.1 molL�1 TBAPF6 on a GC electrode. b) EIS
spectra of SWNTs 3 (~) and pristine SWNTs (&) in an acetonitrile solu-
tion of 5 mm ferrocene. Inset: the equivalent circuit. WE=working elec-
trode, Rsol = resistance of solution, CPE=constant phase angle element,
Rct=charge-transfer resistance, Zw=Warburg impedance, CE=counter
electrode.
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(DEp) for SWNTs 3 are much larger than those for 1 in solu-
tion, which can be taken as an indication of the conductivity
decrease of the SWNTs due to functionalization. To test for
conductivity changes in the SWNTs due to functionalization,
we relied on electrochemical impedance spectroscopy (EIS)
measurements. The EIS results for SWNTs 3 and pristine
SWNTs are presented in Figure 9b. The probe was ferrocene
in an acetonitrile solution and the equivalent Randles cir-
cuit, shown in the inset of Figure 9b, was used to analyze the
EIS spectra. The semicircle part at high frequency corre-
sponds to a limited electron-transfer process. It can be seen
that the charge-transfer resistance (Rct) value for the
SWNTs 3 electrode (122.8 W) is much higher than that for
the pristine SWNTs electrode (27.17 W), and this proves
that the conductivity of SWNTs will decrease after the oxi-
dation reaction that leads to the sp2 to sp3 bonding conver-
sion of SWNTs.


In light of these results, some deductions can be made.
First, the C60 molecules are uniformly implanted on the sur-
faces of the SWNTs in the form of monomers as already
concluded above, which results in the characteristic redox
waves of the C60 derivative with sequential and reversible
electrochemical reactions. Second, with the SWNTs 3 elec-
trode, all of the observed reduction wave potentials shift sig-
nificantly in the negative direction relative to that of the C60


derivative 1. To explain this observation, two possibilities
can be considered. First, the negative-potential shift is as-
cribable to the electron-transfer trend from SWNT to C60


moieties in the ground state,[25] as inferred from the ESR re-
sults. Second, one can also attribute the negative potential
shift to the covalent bonding of C60 to the SWNT frame-
work. One would expect that the covalent bonding of func-
tional groups to the SWNTs disrupts the p-electronic struc-
ture of the tubular framework,[26] because the participating
carbon atoms of the SWNTs are converted from the sp2 to
sp3 bonding pattern as already discussed above. This in turn
would decrease the conductivity of the SWNTs and weaken
the electronic communication between C60 and the underly-
ing GC electrode. As a result, it would be more difficult for
C60 in SWNTs 3 to receive electrons than in the organic so-
lution and this explains the significant negative shift of the
reduction potentials of SWNTs 3 on the GC electrode. To
sum up, the electrochemical results, above all, point to the
uniform covalent attachment of C60 to the outer surfaces of
SWNTs.


Conclusion


A grapevine nanostructure based on CNTs covalently func-
tionalized with C60 has been synthesized and thoroughly
characterized. The cyclic-voltammetric responses of the
grapevine-nanostructure film remarkably resemble that of
the C60 derivative in solution and exhibit reversible multi-
ple-step electrochemical reactions, which reflect the covalent
attachment of the C60 molecules to the surfaces of SWNTs
in the form of monomers. The results of ESR spectroscopy
reveal the ground-state electron-transfer trend from SWNT
to C60 moieties in the grapevine nanostructure. Such a
robust grapevine carbon nanostructure allows comparisons
of the redox responses of C60 with those in the peapods and
in solutions, and provides a platform for dispersing C60 mol-
ecules with potential applications in wide-ranging fields such
as biosensors.


Experimental Section


General : SWNTs were purchased from Carbon Nanotechnologies, Inc.,
USA. [60]Fullerene and HOBt were purchased from International Labo-
ratory, USA. 2,2’-(Ethylenedioxy)diethylamine, di-tert-butyl dicarbonate,
and EDC were obtained from Fluka. All other reagents and solvents
were obtained from commercial suppliers and used without further pu-
rification.


UV/Vis absorption spectra were recorded on a Perkin–Elmer Lambda
900 UV/VIS/NIR double beam spectrometer. FTIR spectra were collect-
ed by using a Perkin–Elmer Spectrum One spectrometer. The samples
were homogeneously dispersed in KBr pellets. Raman spectra were mea-
sured on a MicroRaman System RM3000 spectrometer with an excitation
wavelength of 514.5 nm (Ar laser). TOF SIMS analyses were performed
on a TOF SIMS V. XPS analyses were carried out on a Surface Analysis
PHI5600 instrument. TEM observations were conducted on a
JEOL2010F microscope operating at 200 kV. ESR spectroscopy experi-
ments were carried out by using a JEOL JES-TE-200 ESR spectrometer.
All the samples were measured as powder at 298 K.


The electrochemical measurements were performed with a three-elec-
trode system. The GC (3 mm diameter) electrodes or the SWNT 2/3
modified GC electrodes were used as the working electrodes. A Pt-wire
electrode served as the counter electrode, and a Ag/AgCl electrode was
used as the reference electrode. All of the electrochemical experiments
were carried out by using CHI610B (Austin, USA) in acetonitrile or a
mixture of toluene and acetonitrile, containing 0.1m TBAPF6 (supporting
electrolyte) that was thoroughly deaerated with high-purity nitrogen
before use at ambient temperature. Cyclic voltamagrams were measured
at a scan rate of 100 mVs�1. To clean the GC electrode, the surface of
the GC electrode was polished with chamois leather soaked with alumina
slurry, ultrasonically cleaned in toluene for a few minutes, and dried in a
high-purity nitrogen stream. For the preparation of the SWNTs 2/3 modi-
fied GC electrodes, a suspension of the corresponding SWNTs in toluene
(0.1 mgmL�1) was prepared. The GC electrode was then cast with 15 mL
of the obtained SWNTs suspension and dried in air before use. The
modified electrodes were very stable throughout the measurement pro-
cess.


Synthesis of SWNTs 3 : The C60 derivative 1 was synthesized by following
the reported procedures (Scheme 1).[8] Oxidized SWNTs 2 (3 mg) and a
solution of EDC (28.8 mg) and HOBt (20.3 mg) in dichloromethane
(3 mL) were added to a solution of C60 derivative 1 (3.4 mg) in pyridine
(3 mL). The resulting black mixture was stirred at room temperature
overnight. The solid component was separated by centrifugation and
washed with pyridine, chlorobenzene, and methanol successively. The re-
moval of excess C60 derivative 1 was monitored by UV/Vis spectroscopy


Table 1. Redox potentials of a film of SWNTs 3 and 1 in solution.


Er [V][a] DEp [mV][b]


1 2 3 1 2 3


SWNTs 3 �0.98 �1.33 �1.75 �310 �210 �120
1 (solution) �0.60 �1.12 �1.63 �101 �104 �110


[a] Er =Reduction wave potentials versus Ag/AgCl. [b] DEp=Er�Eo, in
which Eo is the corresponding re-oxidation wave potential.
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and the purity of the resulting SWNTs 3 was confirmed by TLC. After
evaporation of the solvent, SWNTs 3 were obtained as a black solid
(4.3 mg).
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