
Multiple files are bound together in this PDF Package.

Adobe recommends using Adobe Reader or Adobe Acrobat version 8 or later to work with 
documents contained within a PDF Package. By updating to the latest version, you’ll enjoy 
the following benefits:  

•  Efficient, integrated PDF viewing 

•  Easy printing 

•  Quick searches 

Don’t have the latest version of Adobe Reader?  

Click here to download the latest version of Adobe Reader

If you already have Adobe Reader 8, 
click a file in this PDF Package to view it.

http://www.adobe.com/products/acrobat/readstep2.html




14/4 2008


www.chemeurj.orgC E U J E D  1 4  ( 4 )  1 0 5 3 –1 3 6 4  ( 2 0 0 8 )  ·  I S S N  0 9 4 7 - 6 5 3 9  ·  V o l .  1 4  ·  N o .  4  ·  2 0 0 8


Concept
Silylmetalation of Alkenes


M. Uchiyama, M. Yonehara, and S. Nakamura
Supported by







… of achiral fluoro-substituted
subazaporphyrins is described by
E. Guti�rrez-Puebla, J. Elguero, T.
Torres et al. in their Full Paper on
page 1342 ff. The cover shows that
the crystal structure of a perfluori-
nated subphthalocyanine (center)
has a stacked chiral organization
(right) of the achiral subunits that
resembles the helical tower “Ford-
ham Spire” designed by the Span-
ish architect Calatrava (left, Copy-
right Santiago Calatrava VeGaP,
Madrid 2007), which will be con-
structed in Chicago and will be the
highest building in the USA.


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


DNA Structures
In their Full Paper on page 1080 ff. , B. Jaun, C. J. Leumann
et al. describe a B-type DNA duplex that accommodates
two opposing biphenyl base analogues through local widen-
ing of the pitch and reduction of the twist of the helix. The
thermal stability data of the duplex, together with its struc-
ture, demonstrate the tolerance of this recognition motif for
variation of the substituents on the biphenyl periphery.


Clusters within Wheels
In their Full Paper on page 1186 ff. , U. Kortz, A. M<ller,
N. S. Dalal, L. Nadjo et al. describe the synthesis and char-
acterization of a 16-metal-center iron oxide nanocluster in
the cavity of a 48-tungstophosphate wheel.


Challenging Reactivity
In their Concepts article on page 1068 ff., M. Uchiyama, M.
Yonehara, and S. Nakamura describe how heterobimetal
activation and/or combination with transition-metal cata-
lysts opens a new window to silyl- and carbometalation
chemistry.
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Introduction


Silylmetalation allows us to introduce both a silyl group and
a metal into a substrate in a single operation. The resultant
metal�carbon bond can be transformed into a variety of
functional groups in a one-pot reaction. Furthermore, the
silyl group can also be changed to other functional groups
by means of well-known silicon chemistry, such as oxidative
cleavage of a carbon�silicon bond, nucleophilic substitution,
and cross-coupling reaction. On the other hand, there are
some difficulties in silylmetalation of carbon�carbon multi-
ple bonds, including how to control the regio- and chemose-
lectivity (Scheme 1).
Although transition-metal-catalyzed addition of a non-


anionic silyl reagent to alkenes, for example, in hydrosilyla-
tion,[1] bis-silylation,[2] silylstannylation,[3] and silylboration,[4]


is relatively facile and well-developed, addition of an anion-


ic silyl reagent, such as silylcopper and silylzinc complexes,
to alkenes has been difficult, due mainly to the low reactivi-
ty of alkenes. Indeed, there are plenty of examples of silyl-
metalation of alkynes,[5–11] allenes,[12,13] and 1,3-dienes,[14, 15]


but few in the case of alkenes. Carbometalation is also of
great interest, and much effort has been directed towards
this tough task, although the situation is much the same as
with silylmetalation.
In this paper, we first introduce the basic concept of how


to achieve carbometalation of alkenes, and describe our suc-
cess in silylmetalation of alkenes based on this concept. Fi-
nally, we look at prospects in this research field.


Carbozincation of Alkenes


Carbometalation of reactive alkenes : Carbometalation of al-
kenes is known to be a challenging task. One of the reasons
for this is the low reactivity of alkenes towards anionic
metal reagents. Two different methods, reagent activation
and substrate activation, have been examined in order to
solve this problem. An example of the substrate activation
method is the use of cyclopropene derivatives that are dis-
torted and hence reactive. Nakamura et al. have succeeded
in allylzincation using cyclopropenone acetals,[16] and recent-
ly Fox et al. have reported the copper-free/catalyzed carbo-
magnesation of cyclopropenes[17] (Scheme 2). Vinylsilanes
are also reactive toward carbometalation.[18] Although the
alkene moiety of styrenes and 1,3-dienes is activated by the
conjugated aryl group and double bonds, they are too reac-
tive, in that they easily polymerize and thus are difficult to
use as substrates for carbometalation. It is inherent in this
substrate activation method that the scope of the substrates
will be limited. Another difficulty in the carbometalation of
alkenes is the retro-reaction (b-carbon elimination), espe-
cially in intermolecular reactions, due to the loss of entro-
py.[19] Reaction using substrates containing adjacent heteroa-
toms (e.g., allyl alcohols and allylamines) to stabilize the in-
termediary alkylmetals is one solution to this problem.[20]


Gaudemar–Normant-type allylzincation (G/N reaction): Al-
lylmetalation using a suitable allylmetal reagent is one ex-
ample of the reagent activation method for the carbometala-
tion of alkenes. Allylmetalation of alkenes might proceed
via a six-membered transition state that makes it more
facile than usual carbometalation, which might proceed via
a four-membered transition state. It is noteworthy that allyl-


Abstract: Silylmetalation of alkenes is challenging due
to the low reactivity of the substrates. In contrast, car-
bometalation of alkenes has been realized through sev-
eral innovative methods, including activation of the re-
agent and the substrate. A similar approach could be
applicable to silylmetalation of alkenes, and we have re-
cently developed a bimetal activation method using zin-
cate complexes for this purpose. Here, we describe how
the silylzincation of alkenes was achieved. First, the
strategies for carbometalation of alkenes will be sum-
marized. Secondly, the history and development of silyl-
zincation chemistry are briefly described. Then the de-
tails of our findings related to two types of silylzincation
of alkenes, as well as recent progress in mechanistic
studies, are discussed. The key point in the silylzincation
of alkenes proved to be the bimetal activation of the
substrate. One metal (copper or titanium) strongly coor-
dinates and activates the alkene moiety, and the other
metal (zinc) acts as the electron acceptor from the silyl
group by way of the alkene moiety. This dual activation
concept is expected to be applicable to other combina-
tions of metals, as well as to new types of reactions.
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Scheme 1. General scheme for the silylmetalation of alkynes or alkenes
leading to branched (B) and linear (L) regioisomers.
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zinc reagents were used in most reported allylmetalations of
alkenes, while allylmagnesium reagents were used in a few
cases, and other allylmetal reagents were rarely used.[21]


Even though allylmetalation is facile, allylmetalation of
simple (i.e., unreactive) alkenes still requires harsh condi-
tions, such as prolonged reaction time, high temperature,
and high pressure[22] (Scheme 3). On the other hand, inter-
estingly allylmetalation of vinylmetal compounds (Gaude-
mar–Normant reaction, denoted as G/N reaction) proceeds
smoothly under milder conditions, typically at below ambi-
ent temperature for several hours.[23–25] Theoretical analysis
indicated the importance of bimetallic activation[26]


(Scheme 4) in promoting the
formation of the initial com-
plex, and this complexation (or
template effect)[27] is the key
step of this G/N reaction. Na-
kamura et al. indicated that
the G/N reaction proceeds via
metala-Claisen rearrangement
on one metal atom (usually
zinc) and the other metal atom
supports this process as a
Lewis acid. These results show
the importance of the combi-
nation of two metals; that is,
combinations such as zinc/
magnesium and zinc/zinc work
well, whereas zinc/lithium and
magnesium/magnesium do not,


because strong stabilization of the initial complex makes the
activation barrier high and weak stabilization of the product
complex is unfavorable for the reaction equilibrium
(Table 1). The limitation of this allylmetalation is that only
an allyl-type group can be introduced. To overcome this re-
striction, Nakamura et al. developed carbozincation using
zinc enolate derivatives, including zincated amide, ester,[28]


and hydrazone,[29,30] with alkenes such as cyclopropenone
acetals, vinylmetal reagents, and even unreactive alkenes.


Carbometalation catalyzed by titanocene and zirconocene
complexes : Transition-metal-catalyzed carbometalation of


alkenes using anionic alkylme-
tal reagents is also known. Ne-
gishi et al. have reported zirco-
nocene-catalyzed carboalumi-
nation and carbozincation of
alkenes.[31] It is interesting that
the proposed mechanisms of
the two reactions are com-
pletely different and that the
combination of metal reagents
controls the reaction mode.
Carboalumination proceeds
via cationic zirconocene com-
plexes or their aluminum ad-
ducts. In contrast, carbozinca-
tion proceeds via zirconacyclic
intermediates (Scheme 5).
More recently, Kambe et al.


have reported the titanocene-
catalyzed carbometalation of
reactive alkenes such as styr-
enes and vinylsilanes[32]


(Scheme 6). It is also notewor-
thy that the mechanism of this
reaction, proposed to be a rad-
ical mechanism initiated by ti-
tanocene ate complex


Scheme 2. Carbometalation of reactive alkenes.


Scheme 3. Allylmetalation of ethylene, G/N reaction, and carbometalation of zincated hydrazone.
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(Cp2TinBu2ACHTUNGTRENNUNG(MgCl)), was not the same as that in the case of
zirconocene-catalyzed carbozincations. This mechanism was
supported by the use of (bromomethyl)cyclopropane, which


is a well-known reagent whose radical quickly opens and
gives the 3-butenyl radical. In addition, the regioselectivity
of this alkylation is also different from that of the zircono-
cene-catalyzed reaction, which alkylates at the internal
carbon atom. These results indicate that the choice of the
transition metal catalyst determines the reaction mode.


Silylmetalation of Alkenes


Silylzincation and silylcupration of styrenes : Silylmetalation
of alkenes using “anionic” silylmetal reagents has been re-
ported by BLckvall et al.,[33] though the procedure has sever-
al limitations: the reaction needs two equivalents of sub-
strate per silylcopper reagent, the substrates that can be
used are limited to styrenes (reactive alkenes), and the yield
after electrophilic trapping of the intermediates is generally
only around 50% (Scheme 7). It is noteworthy that reac-
tions of styrenes are much slower than those of acetylenes
and allenes. Silylcupration using (Me2PhSi)2Cu(CN)Li2 (so-
called higher-order[34] cyanocuprate) gave a poor result be-
cause of polymerization of the starting material. Silylcupra-
tion of disubstituted alkenes, such as a-methylstyrene, (E)-
b-methylstyrene, and (E)-stilbene also gave poor results,
probably due to steric hindrance between the silyl group
and the alkene substituents. It is important that, although
the silylcupration of other general alkynes proceeds stereo-
specifically in a cis-addition manner, the silylcupration of
styrenes proceeds non-stereoselectively. This was confirmed
by an isotope labeling experiment with (E)-b-deuterated sty-
rene that resulted in 1:1 diastereoisomeric mixtures. This
result might suggest that the reaction proceeded via nucleo-
philic attack of the cuprate complex at the terminal carbon
atom of styrene, rather than by concerted four-centered s-
bond metathesis. A radical mechanism was ruled out by the
observation that a radical inhibitor had no effect on the rate


or stereoselectivity.
More recently, the copper-


catalyzed silylzincation of sty-
rene has been reported by
Oestreich et al.[11d] (Scheme 8).
This reaction requires only
equimolar reagents and the
chemical yields are dramatical-
ly improved compared with
those of silylcupration using a
silylcuprate reagent. However,
the reaction mechanism has
not been established. It has
been proposed that the active
species is a monosilylcopper
complex, such as
Me2PhSiCu·ZnX2 (X =


Me2PhSi, Cl, and/or I) based
on the similarity in the regioselectivities of alkynes in this
method and with Me2PhSiCu·LiCN, in contrast to that in
the case of (Me2PhSi)2Cu(CN)Li2. Further, the bissilylcopper


Scheme 4. Predicted transition states of G/N reaction.


Table 1. Theoretical analysis of several combinations of allyl– and vinyl–
metal reagents for G/N reaction (B3LYP/631+A unless noted otherwise).


M1 M2 DE1


[kcalmol�1]
DE�


[kcalmol�1]
DE2


[kcalmol�1]
DE3


[kcalmol�1]


ZnBr H 3.1[a] 11.5[a] �28.0[a] n.d.[b]


ZnCl Li �52.2 24.5 �1.3 n.d.[b]


ZnCl MgCl �5.2 15.4 �11.3 ca. �8–�14
ZnCl ZnCl 6.8 10.2 �23.2 n.d.[b]


MgCl MgCl 2.5 13.4 �7.0 ca. �3


[a] B3LYP/6-311+G*+ZPE//HF/3-21G (for Zn, Mg, Br), 6-31+G* (for
the others). [b] No data.


Scheme 5. Zirconocene-catalyzed carbometalation of unreactive alkenes. [a] NMI = 3-neomenthyl-1-indenyl.
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complex, (Me2PhSi)2Cu(CN)Li2, polymerized styrene (see
above).


Silylmetalation catalyzed by titanocene complex : Previously,
our group has found that the bulky dianion-type zincate
having one dimethylphenylsilyl (DMPS) group
(DMPS)ZntBu(OR)2ACHTUNGTRENNUNG(MM’) ((OR)2=2,2’-biphenoxo, M=Li
or MgCl, M’=MgCl, abbreviated as SiBNOL-Zn-ate) is an
effective reagent for the chemo- and regioselective silylzin-
cation of terminal alkynes without any transition-metal cata-
lyst[11c] (Table 2). This paper presented the first dianion-type
zincate-mediated regio- and chemoselective silylzincation
reaction of various functionalized alkynes. Only limited suc-
cess had been reported previously in regioselective silylme-
talation to give branched vinylsilanes from terminal al-
kynes.[35] The report was synthetically complementary to
these previous reactions in that we can use various function-
alized alkynes as substrates for the first time. In addition,
the reaction possesses a number of attractive features as a
synthetic reaction. For instance, it can be carried out as a
transition metal-free reaction, and therefore its terminal
alkyne specificity is very high, that is, other unsaturated
bonds, such as internal alkyne, alkene, and diene, are left
intact.
The high reactivities of the new dianion-type silylzincates


prompted us to further survey whether the zincates could be


used for chemo- and regiose-
lective silylzincation reaction
toward alkenes. However,
simple applications of this pro-
tocol to terminal alkenes by
using a SiBNOL-Zn-ate or
other zincates proved unsuc-
cessful due to the low reactivi-
ty of an isolated carbon�
carbon double bond. There-
fore, we focused on the screen-
ing of catalysts for the silylzin-
cation reaction of terminal al-
kenes. After several experi-
ments, we found that the silyl-
zincation reaction proceeded
with a catalytic amount of tita-
nocene dichloride. Interesting-
ly, this reaction gave not the
corresponding alkylsilane, but
the g-allylsilane due to facile
b-hydride elimination from the
intermediary titanium-carbon
bond. Encouraged by this dis-
covery, we continued screen-
ing, and finally we found that
the combination of 5 mol%
[Cp2TiCl2] and SiSiNOL-Zn-
ate was the best condition for
silylating 1-heptene. Although
the reaction mechanism is still


unclear, Zn-ate is essential for this silylation. The coordina-
tion number and the nature of the counter cations of Zn-ate
were also critical (Table 3).
Then, we studied the scope of this new protocol. As well


as terminal alkenes bearing simple alkyl chains, those pos-
sessing a range of functional groups could be used: suitably
protected alcohols, amines, thiol and ketones, as well as cy-
clohexyl and aryl substitution, are tolerated in the reaction.
A variety of electrophilic functional groups, including carba-
mate, carbonate, and ester, also caused no problems. Sub-
strates containing a free O-H moiety, such as aliphatic alco-
hols and carboxylic acid could also be utilized, and no self-
condensation was observed. This reaction is the first exam-
ple of an efficient one-step synthesis of g-substituted allylsi-
lanes with wide substrate generality (Table 4).
Some characteristic aspects of the regio- and stereoselec-


tivity of this silylation can be drawn from the data:


1) Regioselectivity of addition : the silylation reaction occurs
with very high regiospecificity for monosubstituted al-
kenes (no regioisomer was detected), probably due to
the steric effect.


2) Direction of b-elimination (allyl/vinyl selectivity): as evi-
denced by runs 1–10, the reactions with terminal alkenes
containing any functional group distal from the reaction
site (the double bond) gave the allylsilanes preferentially


Scheme 6. Titanocene-catalyzed carbometalation of reactive alkenes.


Scheme 7. Silylcupration of styrenes using silylcuprate (Me2PhSi)Cu(CN)Li.


Scheme 8. Copper-catalyzed silylzincation of styrene.
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over the corresponding vinylsilanes. On the other hand,
in the case of terminal alkenes containing bulky substitu-
ents, such as a cyclohexyl, benzyl, or cyclic ketal group,
near the reaction site, the allyl/vinyl selectivity showed a
declining trend.


3) Stereoselectivity : the E/Z ratios of the allylsilanes were
almost constant (except for run 12), with Z isomers as
the major component.


4) Isomerization of double bond : no movement of the C�C
double bond of allylsilanes was observed at all, even
when a carbonyl or phenyl moiety was present.


Next, we examined the reactivity and chemoselectivity of
this reaction with various alkenes. The functional group spe-
cificity of this silylation is very high, and internal olefins or
1,1’-disubstituted alkenes did not react at all (Scheme 9). On
the other hand, the reaction of styrene provides both alkylsi-
lane and vinylsilane with a quantitative conversion yield.
The alkyl/vinyl ratio depends on the reaction temperature to
some extent, and when the reaction was carried out at 45 8C,
the corresponding vinylsilane and alkylsilane were obtained
in 88 and 12% yields, respectively. In the competitive reac-
tion of internal alkenes in 1,5-heptadiene using SiSiNOL-


Table 2. Branch-selective silylzincation of 1-octyne.


Run Zincate Yield [%][a] Ratio (B/L)


1 85[b] 56:44


2
42[c]


89[b]
73:27
74:26


3 100[b] 53:47


4 85[c] 81:19


5 100[c] 92:8


6 100[c] 99:1


[a] Isolated yield. [b] Countercations (M+ , M’+) were 2Li+ . [c] Counter-
cations were Li+ , Mg+Cl or 2Mg+Cl.


Table 3. Optimization of the silylating reagents for the silylzincation of
1-heptene.


Run Si Reagent Catalyst E/Z Yield
[%][a]


anion cation


1
Li+


ClMg+ ACHTUNGTRENNUNG[Cp2TiCl2]
–
28:72


0
37


2
2Li+


2ClMg+ ACHTUNGTRENNUNG[Cp2TiCl2]
–
24:76


0
54


3
2Li+


2ClMg+ ACHTUNGTRENNUNG[Cp2TiCl2]
–
30:70


0
95


4 – 76:24 27


[a] Isolated yield. [b] [Cp2Ti-SiMe2Ph] was prepared from the reaction of
one equivalent of [Cp2TiCl2] and two equivalents of PhMe2SiLi; see ref.
[9].


Table 4. Silylation of various functionalized terminal alkenes.


Run R E/Z Yield [%][a]


1 24:76 95


2 28:72 92


3[b] 29:71 94


4 26:74 88


5 21:79 75


6[c] 26:74 55


7[c] 24:76 100


8 24:76 95


9 27:73 79


10 23:77 80


11 n.d. 84


12[d] 49:51 47[e]


13 26:74 71[f]


14 21:79 81[g]


[a] Isolated yield. [b] The reaction was carried out under reflux. [c] 3
equiv zincate was used. [d] The reaction was carried out at 45 8C. [e] Vi-
nylsilane was isolated in 18% yield (E/Z 64:36). [f] Vinylsilane was iso-
lated in 8% yield (E/Z 58:42). [g] Vinylsilane was isolated in 19% yield
(E/Z 50:50).
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Zn-ate and 5 mol% Cp2TiCl2, silylation at the terminal
alkene proceeded with complete selectivity. In addition, no
isomerization of olefins was observed.
Although details of the reaction mechanism are still un-


clear, this silylmetalation might not proceed by the same
mechanisms as those of titanocene- or zirconocene-catalyzed
carbometalation, because the involvement of a titanacycle
(TiII)-type intermediate seems unlikely in a reaction with
one equivalent of zincate complex prepared from tBuMgCl,
Me2PhSiLi, ArOMgCl and ZnCl2 at ambient temperature
for 18 h. We can not rule out a radical mechanism, such as
the initial formation of silyl radical via oxidation of a silyl
anion by TiIV followed by its addition to alkenes and reduc-
tion of the resultant (b-silyl)alkyl radical to give a (b-silyl)-
carbanion and silyl radical. Nevertheless, by analogy with
the copper-catalyzed silylzincation of alkenes, the involve-
ment of a bimetallic activation by titanium and zinc, like
that in the reaction catalyzed by copper and zinc, seems
plausible, because the addition of zinc is essential for this
step. In other words, one equivalent of Cp2Ti–SiMe2Ph can
silyltitanate alkynes and 1,3-dienes, but alkenes react only
sluggishly. It is worth mentioning that the stereoselectivities
of allylsilanes obtained from these reactions were different.
This indicates that zinc might participate not only in the si-
lylmetalation step, but also in the b-hydride elimination that
is thought to be the stereo-determining step. This would not
be surprising, because b-hydride elimination is formally the
retro reaction of hydrometalation, which is similar to silyl-
metalation. In fact, many titanocene complexes that are as-
sociated with another organo- or inorganometallic reagent,
such as [(Cp2TiCl2)2M] (M=Zn, Mg), [(C5Me5)2TiMH4]
(M=Al, B), [(Cp2TiH2)2AlMe]
and [Cp2TiR2 ACHTUNGTRENNUNG(MgCl)], are
known. Possible transition
states of b-hydride elimination
to explain those different re-
gioselectivies are shown in
Scheme 10. In the presence of
zinc complex, the substituent
of the substrate may be direct-
ed so as to avoid one of the li-
gands on the zinc unit, which
is associated with the titano-


cene unit through one of the ligands on zinc and hydride of
the substrate that is to be eliminated, to give the (Z)-allylsi-
lane. On the other hand, in the absence of zinc complex, the
substituent of the substrate may be directed so as to avoid
steric hindrance with the silyl group at the terminal carbon
atom, affording the (E)-allylsilane.
Though we hesitate to regard this reaction as the same


kind of silylmetalation as the titanocene-catalyzed reaction,
a similar silylmetalation using zirconocene complex has
been developed by Terao et al.[36] It has been proposed that
the reaction proceeds via a zirconacyclopropane intermedi-
ate that readily associates with one equivalent of Grignard
reagent to form a zirconocene ate complex that is able to
react with chlorosilane (Scheme 11). Three different mecha-
nisms have been proposed with regard to this last step, that


Scheme 9. Reactivity and chemoselectivity of this protocol.


Scheme 10. Possible reaction mechanism of this silylation.


Scheme 11. Zirconocene-catalyzed silylmetalation of alkenes.


www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 1068 – 10781074


M. Uchiyama, M. Yonehara, and S. Nakamura



www.chemeurj.org





is, nucleophilic attack of the ate complex on chlorosilane, s-
bond metathesis, and oxidative addition of chlorosilane to
zirconocene complex affording a ZrIV intermediate and sub-
sequent s-bond metathesis, and the actual mechanism re-
mains to be established. The resultant zirconium�carbon
bond readily undergoes b-hydride elimination to give (E)-vi-
nylsilane when the substrate is styrene or ethylene, or (E)-
allylsilane when the substrate is allylbenzene.


Silylzincation catalyzed by copper salts : Although the tita-
nocene-catalyzed silylzincation reaction is an efficient
method for synthesizing functionalized g-allylsilanes, the in-
termediates could not be utilized as potent nucleophiles be-
cause of the facile b-hydride elimination reaction. However,
these intermediates are very attractive for synthesizing
multi-functionalized organosilanes. Thus, we next examined
how to use these intermediates.
The reaction mechanism of titanocene-catalyzed silylzin-


cation reaction was still unclear, but we assumed that wheth-
er the b-hydride elimination reaction proceeds depends
upon the kind of intermediary alkyl–metal species. There-
fore, we focused on the transition metal catalysts again.
Encouraged by OestreichRs results,[11d] we started to inves-


tigate the silylzincation of terminal alkenes, utilizing a cata-
lytic amount of Cu salt and a SiBNOL-Zn-ate. After several
experiments, we obtained some interesting results: Cu salts
also promote this silylmetalation, and the products were the
desired alkylsilanes, that is, in this case, the b-hydride elimi-
nation did not proceed (Table 5). We chose CuCN as the
best catalyst in respect of low cost, readily availability, and
stability.


Further investigations revealed wide substrate generality
of this new method for the selective silylmetalation reaction
of functionalized terminal alkenes (Table 6). Both allylben-
zene derivatives and 4-phenyl-1-butene can be used in this
reaction, and the yields and selectivities are comparable to
the results with allylbenzene. A substrate having a chloro
group can also be used. Furthermore, substrates bearing co-
ordinative groups, such as silyl and benzyl ether and thioeth-


er, also cause no problems. A variety of electrophilic func-
tional groups including amide, ester, carbamate, carbonate,
nitrile, and phosphine oxide are also tolerated in the reac-
tion. Two important conclusions regarding the regioselectivi-
ty of this silylmetalation can be drawn from these data.
First, the silylation occurs regioselectively with monosubsti-
tuted alkenes at the terminal carbon atom. Second, coordi-
native functional groups have little effect on the regioselec-
tivity. Only when strongly coordinative groups, such as
cyano or phosphine oxide, exist at a suitable position does
the silylation occur practically regiospecifically at the termi-
nal carbon atom.
Next, we investigated the scope of substitution patterns of


this reaction. The functional group specificity of this reac-
tion is very high, and a-/b-methyl styrene and trans-stilbene,
which are among the most reactive disubstituted alkenes,
did not react (Scheme 12). However, it is noteworthy that
norbornene whose double bond is disubstituted, distorted,
and hence reactive, was silylated in moderate yield. In the
competitive reaction of terminal and internal alkenes in 1,5-
heptadiene, silylmetalation at the terminal alkene proceeded
with more than 99% selectivity.


Table 5. Screening of copper catalysts using allylbenzene.


Run Catalyst Si Reagent Yield [%][a] L/B


1
2
3


none
CuI
CuCN


37
73
82


90:10
89:11
83:17


4 CuCN Me2PhSiLi <24[b] 0:100


[a] Isolated yield. [b] Several minor products that were difficult to sepa-
rate were observed, but not identified. [c] Countercations were Li+ ,
MgCl+ , or 2MgCl+ .


Table 6. Silylation of various functionalized terminal alkenes.


Run R Yield [%] L/B


1
2
3


: R’ = 2-OMe
: R’ = 4-OMe
: R’ = 3,4-OMe


81
97
88


90:10
86:14
84:16


4 Ph ACHTUNGTRENNUNG(CH2)2 85 81:19
5 Cl ACHTUNGTRENNUNG(CH2)4 73 84:16
6 TBSO ACHTUNGTRENNUNG(CH2)4 85 87:13
7 PhCH2O ACHTUNGTRENNUNG(CH2)2 66 86:14
8 tBuS ACHTUNGTRENNUNG(CH2)3 76 79:21
9 PhCH2NHC(O)ACHTUNGTRENNUNG(CH2)3 77 92:8
10 MeC(O)O ACHTUNGTRENNUNG(CH2)4 80 83:17
11 Me2NC(O)OACHTUNGTRENNUNG(CH2)3 90 82:18
12 EtOC(O)O ACHTUNGTRENNUNG(CH2)3 94 78:22
13 NC ACHTUNGTRENNUNG(CH2)2 85 >99:1
14 Ph2P(O)CH2 79 >99:1


Scheme 12. Reactivity and chemoselectivity of this protocol.
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We also demonstrated that the resultant alkyl–metal inter-
mediates could be utilized as carbanion equivalents. The in-
termediates 3p and 3a were treated with D2O, MeI, allyl
halide, or benzoyl chloride to give the corresponding func-
tionalized alkanes in satisfactory yields (Scheme 13). The in-
termediate 3p also undergoes Pd-catalyzed C�C bond-form-
ing reactions in high yield and with high regioselectivity. We
confirmed that the intermediates react with crotyl chloride,
propargyl halide, or their derivatives in a high SN2’ manner.
This protocol provides a simple and direct route for the
regio-controlled synthesis of a-substituted alkylsilanes and
alcohols from various terminal alkenes.


Conclusion and Prospects


The silylmetalation of unreactive alkenes has been difficult.
By bringing together several representative recent examples
of carbometalation, this article has demonstrated that heter-
obimetal activation and/or combination with transition
metal catalysts opens a new window onto silyl- and carbo-
metalation chemistry. Heterobimetallic reagents such as ate
complexes exhibit a synergic chemistry which cannot be re-
plicated by homometallic lithium, magnesium, zinc, or
copper compounds. Based on this concept, we have devel-
oped efficient reagents, dianion-type silylzincates, for the
chemo- and regioselective silylmetalation reaction of func-
tionalized terminal alkenes and alkynes to give correspond-
ing alkylsilanes, allylsilanes, and vinylsilanes. Furthermore,
the often milder conditions required for these silylmetala-
tion reactions, which makes them more tolerant of a wider


range of functional groups, has opened up new perspectives
in synthetic and material chemistry.[37] This improvement
allows the elaboration of complex organosilyl molecules.
Since the metal center (zinc, copper, etc.), the counter


metal (lithium, magnesium, etc.) and the ligands (alkyl, bi-
phenoxo, etc.), as well as coligands (TMEDA, THF, other
amines, ethers, etc.) are all adjustable, the scope for devel-
oping new reagents of this type is potentially enormous.
Theoretical elucidation of the roles of the metals in the het-
erobimetal reactions, which is under way in our laboratory,
should pave the way for further progress in organosilicon
chemistry.
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Introduction


Hydrogen-bonding and stacking interactions between nucle-
obases are the major components of the noncovalent forces
that stabilize the DNA and RNA double helices.[1,2] The rel-
ative contribution of each to this stability has been contro-
versial since the discovery of the double helix. Recent ex-
perimental data on oligonucleotide duplexes containing non-
polar nucleobase substitutes as dangling ends fueled this dis-
cussion.[3,4] Factors such as hydrophobicity (logP), polariza-
bility, dipole moment, surface area, and stacking area have
been discussed as contributors to the observed enhanced
thermodynamic stabilities of these capped oligodeoxynucle-
otide duplexes.[4–6] Shape mimics of complementary natural
bases that are devoid of any possibility to form hydrogen
bonds have recently been used to probe DNA-processing
enzymes. Although such isosteres destabilize DNA duplexes,
they can code for each other with high precision in DNA
polymerase-mediated replication.[7–13] These findings trig-
gered an extensive search for hydrophobic, aromatic pairs
that are orthogonal to the natural base pairs in their recog-
nition properties.[14–24] Such pairs are of interest for exten-
sion of the genetic alphabet.


A solution structure of a duplex containing a 4-methyl-
benzimidazole/difluorotoluene base pair showed that shape-


complementary hydrophobic base analogues are located
side by side in the base stack of the duplex without distort-
ing the overall conformation of the DNA backbone.[25] This
aromatic pair, however, destabilizes the duplex. One of the
first examples of a stabilizing pair lacking hydrogen bonds
was the pyrene/abasic site pair.[6,12] Also in this case, the
overall geometry is only marginally affected by the modifi-
cation.[26] The enhanced stability is believed to originate
from extensive stacking interactions between the pyrene
unit and the nearest neighbor natural base pairs. During
review of this communication an X-ray structure of a duplex
containing a m-fluorobenzene self-pair and an NMR struc-
ture of a duplex containing a propynylisocarbostyryl (PICS)
self-pair were reported.[27] In the former duplex, a side-by-
side arrangement of the m-fluorobenzene residues with no
major structural perturbations from B-DNA was observed.
The latter duplex showed the PICS self-pair in an inter-
strand intercalation arrangement.


DNA is becoming increasingly important as a scaffold for
the self-assembly of attached molecular entities on the
nanometer scale[28] and also as a functional molecule, due to
the charge-transport properties through the DNA base
stack.[29] In our research directed towards the exploitation of
interstrand aromatic stacking interactions for production of
novel and functional DNA duplex architectures we recently
found that up to seven biphenyl C-nucleoside pairs can be
accommodated in a helix without loss of duplex stabili-
ty.[30,31] From molecular modeling we proposed a zipper-like
recognition motif, assuming that the stability is based on in-
terstrand aromatic interactions between the biphenyl resi-
dues. Such a zipper motif has previously been shown by
NMR spectroscopy to exist in unusual 5’-(GXA)/ ACHTUNGTRENNUNG(AYG)-5’
DNA sequence motifs (X/Y=T/A, A/T, C/G, G/C, and
G/G).[32] Here we describe an NMR solution structure of
an oligodeoxynucleotide duplex containing a 3’’,5’’-dinitro-
biphenyl/3’’,4’’-dimethoxybiphenyl (X/Y) base pair
(Scheme 1).


Abstract: Hydrogen-bonding and
stacking interactions between nucleo-
bases are considered to be the major
noncovalent interactions that stabilize
the DNA and RNA double helices. In
recent work we found that one or mul-
tiple biphenyl pairs, devoid of any po-
tential for hydrogen bond formation,
can be introduced into a DNA double
helix without loss of duplex stability.
We hypothesized that interstrand stack-
ing interactions of the biphenyl resi-
dues maintain duplex stability. Here we
present an NMR structure of the deca-
mer duplex d(GTGACXGCAG)·


d(CTGCYGTCAC) that contains one
such X/Y biaryl pair. X represents a
3’’,5’’-dinitrobiphenyl- and Y a 3’’,4’’-di-
methoxybiphenyl C-nucleoside unit.
The experimentally determined solu-
tion structure shows a B-DNA duplex
with a slight kink at the site of modifi-
cation. The biphenyl groups are inter-
calated side by side as a pair between


the natural base pairs and are stacked
head to tail in van der Waals contact
with each other. The first phenyl rings
of the biphenyl units each show tight
intrastrand stacking to their natural
base neighbors on the 3’-side, thus
strongly favoring one of two possible
interstrand intercalation structures. In
order to accommodate the biphenyl
units in the duplex the helical pitch is
widened while the helical twist at the
site of modification is reduced. Inter-
estingly, the biphenyl rings are not
static in the duplex but are in dynamic
motion even at 294 K.
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Results and Discussion


The thermal duplex stability of the modified duplex was de-
termined by UV melting curve analysis (Figure 1). For com-
parison, the same experiment was also performed with an
unmodified duplex containing an A/T base pair instead of
the biphenyl modifications. We found Tm values of 50.1 8C
for the modified duplex and 45.2 8C for the duplex in which
X/Y is replaced by A/T. This clearly shows an enhanced
thermal stability of the biphenyl base pair over an A/T base
pair, by 4.9 8C. We find that the total hyperchromicity is
lower in the case of the modified duplex. This may be a
direct consequence of differences in induced dipolar interac-
tions between the modified and the natural bases.


To elucidate the origin of the higher thermal stability, the
free energies of duplex formation (DG25 8C) were derived
from plots of 1/Tm against lnc for the biphenyl and the natu-
ral duplex, assuming that the two-state melting mechanism
is fulfilled in both cases (Figure S3, Supporting Informa-
tion). As expected, we found higher thermodynamic stability
of the modified X/Y (DG25 8C=�15.2 kcalmol�1) over the
A/T duplex (DG258C=�13.2 kcalmol�1), by 2 kcalmol�1. In-
terestingly, the higher thermodynamic stability is largely due
to a more favorable pairing enthalpy term (DH), which
amounts to �79.9 kcalmol�1 for the X/Y and to �69.8 kcal


mol�1 for the A/T duplex. This finding is in agreement with
(but no proof of) an enhanced contribution of stacking inter-
actions to the stability in the modified duplex.


Preliminary structural investigations of both the modified
and the unmodified duplex were performed by CD spectros-
copy (Figure S4, Supporting Information). No significant dif-
ferences in shape and ellipticity maxima and minima were
found. CD spectroscopy thus points to only minor deviations
from the B-type conformation in the modified duplex. No
further structural information around the site of modifica-
tion was deducible from the CD spectra.


A study of the temperature dependence of the 1D-1H
spectrum (Figure S1, Supporting Information) revealed that
below around 290 K some lines—in particular those in the


region where the protons of the biphenyl moieties are ex-
pected—broadened and did not sharpen again when the
temperature was lowered down to the experimental limit
(freezing of the sample). This was attributed to a dynamic
process different from what is seen in duplex melting/forma-
tion, its rate approaching the NMR timescale below 300 K
(see discussion below). We therefore decided to carry out
the full NMR analysis at the intermediate temperature of
294 K, where the lines were comparably sharp and not yet
affected by the dynamics of melting.


The residue-specific assignment of all sugar protons,
except for some of the strongly overlapping H2C(5’) groups,
and of all base protons was possible through a combination
of COSY, NOESY, HSQC, and HMBC spectroscopy. Begin-
ning at the four ends, the pattern of NOEs between the base
and sugar protons along each strand allowed the sequential
assignment to be performed and already qualitatively indi-
cated that the overall conformation is similar to that of B-
type DNA. A list of assignments of the 1H resonances from
the spectra in D2O and in H2O/D2O 9:1 is given in Table 1,
and the position numbering of the two biphenyl base ana-
logues is shown in Scheme 1.


If the rotation of the biphenyl rings around their axes
were slow on the NMR timescale, one would clearly expect
two sets of resonances for biphenyl protons that are rota-
tionally equivalent, such as H3/H5, H2/H6 (and, in the dini-
trobiphenyl moiety, also H2’’/H6’’) in the highly asymmetric
environment of the duplex. That only one set of time-aver-
aged resonances was observed shows that the three symmet-
rical rings rotate more rapidly than the NMR timescale
inside the duplex at 294 K. We presume the same for the
asymmetrically substituted dimethoxyphenyl ring (see
below), although in this case the observation of a single set
of resonances would also be consistent with a single pre-
dominant rotamer.


Only five of the nine possible imino protons were ob-
served in the H2O/D2O 9:1 spectra at 294 K. They could be
assigned through their NOEs to the four nonterminal G–C
base pairs and the central A4–T17 pair (Table 1). While it is
common that the imino protons of terminal base pairs can
be too broad to be detected at this temperature, and the


Scheme 1. Chemical structures of the biphenyl-C-nucleoside derivatives
and sequence information on the duplex investigated.


Figure 1. UV melting curves of modified and unmodified duplex deca-
mers &: X/Y, *: A/T.
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second-last base pairs are often also not detected if they are
A–T pairs, the fact that the A4–T17 imino proton is broad-
ened indicates an unusually high rate of exchange for this
pair in the inner part of the sequence. At 271 K, the ex-
change with solvent protons is slow enough to allow detec-
tion of all nine imino protons, although the signals of the
two outermost base pairs are still quite broad.


Qualitative inspection of the overall NOE pattern and
analysis of the vicinal coupling constants in the ribose units
revealed that the duplex is a B-type helix with the sugar
units, including the two biphenyl-substituted residues, pre-
dominantly in the C2’-endo conformation. A considerable
number of NOEs between the biphenyl moieties and resi-
dues on the opposite strand, between the biphenyls and
their neighboring nucleotides, and also between the two bi-
phenyl units themselves were observed (Figure 2). Together
with large high-field shifts of several of the biphenyl signals
(see, for example, the chemical shift of the 3’’-methoxy
signal at 2.65 ppm), as compared to the spectra of the mono-
nucleosides, this shows that the biphenyl units must be
reaching across to the opposite strands and that they are in-
tercalated into the stack of the base pairs.


For simulated annealing calculations of structures that are
consistent with the experimental constraints, the ambiguity
introduced by the rotational averaging in the symmetrical
phenyl rings precluded, at first, the use of the corresponding
restraints. Nevertheless, the ensemble of unambiguous
NOEs defined the structure sufficiently well to allow resolu-
tion of the ambiguity for some of these NOEs and their re-
introduction into the calculations in a cyclic refinement. A
set of conflicting NOEs remained, however, in particular
with regard to the asymmetrically substituted 3’’,4’’-diACHTUNGTRENNUNGmeth-
ACHTUNGTRENNUNGoxyphenyl ring. This indicates that this ring, like the others,
rotates at 294 K, but the rotamer with the 3’’-methoxy group


pointing in the direction of the minor groove is clearly dom-
inant.


Figure 3a shows a bundle of (calculated) low-energy struc-
tures from the larger ensemble of accepted structures with
no NOE violations (with exclusion of a few still ambiguous
NOEs), generated by the simulated annealing calculation
with the NOE constraints. A single representative structure


is represented in stereo in Figure 3b.
The overall conformation is that of an antiparallel


Watson–Crick B-DNA-like double helix with a less helical
region around the biphenyl units and varying degrees of
overall bending. The biphenyl groups are intercalated side
by side as a pair between the natural base pairs and are
stacked head to tail in van der Waals contact with each
other and with their respective neighboring base pairs. The
first phenyl rings (C1–C6) are tightly stacked against the


Table 1. 1H chemical shifts and assignments (R = residue).


Ribose protons Nucleobase protons Biphenyl units NH protons (H2O)
R H1’ H2’1 H2’2 H3’ H4’ C5’1 C5’2 H2 H5 Me-


5
H6 H8 H2/


H6
H3/
H5


H2’’/6’’ H4’’ H5’’ MeO-
3’’


MeO-
4’’


HN1 HN3 HN41 HN42


G1 5.88 2.68 2.49 4.71 4.12 3.6 3.63 7.83
T2 5.71 2.37 2.03 4.78 4.10 na na 1.26 7.20
G3 5.49 2.67 2.56 4.90 4.23 na na 7.76 12.43
A4 6.07 2.74 2.42 4.92 4.32 4.10 na 7.63 7.95
C5 5.61 2.27 2.16 4.80 4.01 4.07 na 4.99 7.12 7.54 6.18
X6 4.73 2.52 1.84 4.72 4.18 3.89 3.83 6.88 6.90 7.87 7.67
G7 5.44 2.39 2.50 4.82 4.24 na na 7.77 11.83
C8 5.53 2.18 1.83 4.74 4.07 na na 5.34 7.30 8.05 6.19
A9 5.90 2.16 2.59 4.90 4.24 na na 7.68 8.07
G10 5.90 2.75 2.35 4.52 4.05 na na 7.61
C11 5.80 2.60 1.98 4.57 3.99 3.67 3.63 5.80 7.68
T12 5.63 2.38 2.11 4.76 4.06 na na 1.55 7.36
G13 5.80 2.60 2.45 4.87 4.24 3.93 3.87 7.71 12.60
C14 5.71 2.46 2.20 4.84 3.99 na na 5.11 7.20 7.72 6.45
Y15 4.51 2.42 1.82 4.65 3.91 na 4.10 6.56 6.51 6.37/5.97 6.16 2.65 3.45
G16 5.53 2.17 2.50 4.81 4.22 4.10 4.02 11.97
T17 5.91 2.36 2.04 4.74 4.12 na na 1.20 7.14 13.51
C18 5.48 2.27 1.94 4.72 3.99 na na 5.57 7.41 8.35 6.70
A19 6.12 2.75 2.56 4.90 4.28 na na 7.67 8.16
C20 5.94 2.02 2.00 4.35 3.88 4.14 3.94 5.23 7.23


Figure 2. NOEs observed between the biphenyl moieties and between bi-
phenyl residues, neighboring bases, and the backbone sugars (green: un-
ambiguous NOEs; yellow: NOEs that are ambiguous with respect to two
rotationally equivalent, dynamically averaged protons).
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neighboring base in the same strand in the 3’-direction (Fig-
ure 3c). In all accepted structures, the order of intercalation
is the same: the dinitrobiphenyl moiety is nearer to the
G10–C11 end of the duplex, whereas the dimethoxybiphenyl
group is on the G1–C20 side.


The side-by-side intercalation of two aromatic residues
where only one base pair would be located in a natural B-
DNA helix requires stretching of the backbone through
changes in the dihedral angles near the biphenyl residues.
Experimentally, this could be detected for the H5’ and H5’’
protons of the 3’’,5’’-dinitrobiphenyl residue: in contrast to
the H5’ and H5’’ protons of the residues in the natural part
of the duplex, which show the pattern of NOEs typical for
B-DNA, the H2C(5’)-group of X6 is turned towards the
center of the helix and shows medium to strong NOEs to
the 3’-methoxy group and H2’/H2’’ of C5. The dihedral
angle g of X6 is g�, as compared to g+ for B-DNA. In all ac-


cepted structures the corresponding dihedral angle g of the
dimethoxybiphenyl residue Y15 is t, but we do not have
direct experimental evidence from coupling constants. Un-
fortunately, severe overlap in the H5’/H5’’/H4’ region of the
spectrum did not allow us to assign all H2C(5’) protons, and
no reliable JH4’,H5’ coupling constants could be extracted,
except in the case of X6 and the 5’-terminal residues. We
were therefore unable to carry out a more detailed analysis
of the backbone deformation in the biphenyl region. This
lack of dihedral constraints, in particular for the phospho-
diester linkages, causes a variation in the overall bending of
the duplex that manifests itself as a “fraying out” towards
the ends of the structural bundle in Figure 3a.


The extra space needed by the additional aromatic resi-
due in the stack leads to a reduced helical twist: the twist
between the flanking G7–C14 and C5–G16 base pairs is
only around 358. Therefore, over three aromatic stacking
distances of around 3.6 R each, the total twist is only as
much as normally observed between two adjacent base
pairs. This leads to a pronounced widening of the minor
groove (Figure 3d), and the concomitant exposure of the
A4–T17 base pair may well be the reason for the unusually
fast exchange of its imino proton (colored in magenta in
Figure 3d).


Conclusion


The experimentally determined solution structure shows
that a B-type DNA duplex can accommodate two opposing


biphenyl base analogues
through local widening of the
pitch and reduction of the twist
of the helix. The steric demand
of the two biphenyl groups,
both of which exclusively point
towards the inside of the
duplex and have to avoid each
other, leads to a particularly
tight stacking of their first ben-
zene rings against the natural
base neighbor on the 3’-side,
thus selecting one of two possi-
ble interstrand intercalation ge-
ometries. The two phenyl rings
of the biphenyl units are nearly
planar and stack on each other,
producing an uninterrupted
base-stack throughout the
double helix. Both biphenyl
units span the whole of their
adjacent natural base pairs and
have the strongest interresidue
p interactions between the
distal ring of one unit and the
proximal ring of the opposite
unit. The increased stacking


surface to a complete neighboring natural base pair, togeth-
er with the interbiphenyl contacts, fully explains the ob-
served high thermodynamic stability of this duplex. Of spe-
cial interest are the rotational dynamics along the biphenyl
axes, which are not frozen even at 271 K. This points to con-
siderable dynamics of the duplex structure but does not pre-
clude the stacked arrangement being the preferred confor-
mational state. Although the detailed mechanism of rotation
(in-stack against out-of-stack) is not known at this point it is
worthwhile to consider that the thickness of a phenyl ring is
not that much different from its diameter and that it thus re-
sembles an ellipsoid body (squeezed cylinder) more than it
does a flat tile.


Figure 3. a) Superposition of the 20 structures with lowest calculated energies out of a set of 75 accepted struc-
tures. The superposition is based on all phosphorus atoms except the terminal ones in each strand. b) Stereo-
view of a representative single structure from the set shown in a). c) Section of the duplex with the biphenyl
residues and their neighboring base pairs, highlighting the stacking interactions (view direction perpendicular
to the mean base pair plane). d) Space-filling view of the structure in b) illustrating the van der Waals contact
between the biphenyl units and with their neighboring base pairs, the widening of the minor groove, and the
resulting exposure of the A4–T17 imino proton (colored in magenta).
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The structure described here is fully supportive of our
proposed zipper recognition motif. We found earlier that
not only one but multiple biphenyl pairs can be introduced
into the center of a double helix without loss of helix stabili-
ty.[30] It now remains to be shown whether the observed
local biphenyl geometry in this duplex can be extrapolated
to several consecutive biphenyl pairs in a duplex. In any
case, the thermal stability data of the duplex described here,
together with its structure, demonstrate the tolerance of this
recognition motif for variation of substituents on the bi-
phenyl periphery. With this, fine tuning of the electronic and
recognition properties of the aromatic systems seems possi-
ble. This in turn might be of importance in applications in
the field of DNA materials, as well as in DNA diagnostics.


Experimental Section


Sample preparation : The syntheses of modified phosphoramidite mono-
mers and their incorporation into oligodeoxynucleotides are described
elsewhere.[33] Unmodified oligodeoxynucleotides were purchased from
Microsynth (Balgach, Switzerland) and used without further purification.


Thermal denaturation : All UV melting curves were recorded at 260 nm
on a Cary 3E UV/VIS spectrometer (Varian) fitted with a Peltier block
and with the aid of Varian WinUV software. The oligonucleotide concen-
tration was 1.2 mm in NaH2PO4 (10 mm), NaCl (150 mm), pH 7.0. Consec-
utive heating-cooling-heating cycles over the temperature interval of 10
to 90 8C were applied with a linear gradient of 0.5 8Cmin�1. Heating and
cooling ramps were superimposable. Each Tm value was defined as the
maximum of the first derivative of the melting curve. To elucidate ther-
modynamic data, Tm measurements were performed at five different con-
centrations over the range of 0.5–15 mm duplex. Free energy values were
then calculated from van’t Hoff plots by plotting 1/Tm against lnc (Fig-
ure S3: Supporting Information).


NMR spectroscopy : 1D–1H, 1D–31P, and 2D NMR-COSY with 31P decou-
pling, NOESY with mixing times of 300 msec, 150 msec (Figure S2, Sup-
porting Information), and 75 msec, HSQC, and HMBC spectra were re-
corded in a 5 mm Shigemi tube with a sample concentration of c=


3.1 mm in D2O/Na arsenate buffer (pH 7, 50 mm) at 294 K at 600 MHz
(1H) and 125 MHz (13C). To detect the exchangeable protons, the sample
was lyophilized and measured again in H2O/D2O 9:1 Na arsenate
(50 mm). The same set of 1D–1H and homonuclear 2D spectra were re-
corded as in D2O, but with excitation sculpting for suppression of the sol-
vent signal.


Assignment and volume integration of NOESY cross peaks (mixing
times 300 ms, 150 ms, and 75 ms, for both the D2O and H2O spectra)
were performed with the aid of SPARKY.[34] Distance constraints and
error limits were generated from build-up curves of cross-peak volumes
by calibration with known distances (�20% error limits) through a
python extension within SPARKY.


Structure calculations : The simulated annealing molecular dynamics cal-
culations were performed with XPLOR-NIH version 2.16.0.[35] The pa-
rameter file parnah1er1_mod_new.inp and the topology file topall
dna.hdg were modified to deal with the two new DNA base analogues
(equilibrium values for bond lengths and angles were based on an X-ray
structure of biphenyl).[36] All the other parameters concerning the base
and the sugar atoms, as well as the force constants (kbond =1000 kcal
mol�1, kangle=500 kcalmol�1, kimproper=500 kcalmol�1) were left un-
changed. For generating a starting structure a “dummy” pdb file was gen-
erated by use of a perl script and was then used as a template for gener-
ating the structure (.psf) file. The “zero coordinate” pdb files were mini-
mized in order to generate the two single-strand structures at 300 K. The
two minimized single strands were then combined into a duplex by intro-
ducing hydrogen bond restraints for the Watson–Crick pairs, for which


the imino proton resonances indicated the presence of hydrogen bonds in
an otherwise unrestrained simulating annealing calculation. The resulting
extended zigzag duplex conformations in which the two biphenyl groups
were not stacked and pointed outwards from the duplex were used as
starting structures. The simulated annealing (SA) protocol (adopted from
the torsional angle dynamics protocol of Stein et al.[37]) included 4000
steps (0.015 ps each) of high-temperature torsional angle dynamics at
20000 K, followed by 4000 (0.015 ps) steps of slow cooling to 1000 K with
torsional angle dynamics, 2000 steps (0.003 ps) of slow cooling with
Verlet dynamics to 300 K, followed by a final Powell minimization. Dis-
tance restraints derived from NOESY (as explained above) were intro-
duced in the SA calculation (Table S1, Supporting Information).


Since analysis of the chemical shifts of the imino protons in the H2O/
D2O 9:1 1D-spectrum at �28 indicated the presence of all nine possible
base pairs and NOESY in H2O/D2O 9:1 at 295 K indicated Watson–Crick
pairing for all base pairs except the two outermost ones, hydrogen bond
constraints defining standard Watson–Crick pairing for all base pairs
except for the nonnatural base analogues were introduced. For the two
base pairs flanking the biphenyl residues this restraint was loosened by
20%. Calculations were preformed once without and once with planarity
restraints for the base pairs not flanking the biphenyl groups. Introduc-
tion of planarity restraints gave bundles with less variation in the propel-
ler twist and buckle of base pairs but otherwise did not change the over-
all conformation and relative orientation of the biphenyl groups. The
only non-bonded interactions used were van der Waals repel functions. A
total of 97 structures were generated by use of the SA protocol explained
above. Out of these, 75 structures were accepted. Final structures were
accepted if they showed no NOE violation >0.1 R and no deviation
from equilibrium bond lengths, angles, and impropers of >0.05 R,
>5.0 R, and >1.58, respectively.
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Recognition Properties of Donor- and Acceptor-Modified Biphenyl-DNA


Alain Zahn and Christian J. Leumann*[a]


Introduction


The contribution of stacking of the natural bases to DNA
duplex stability has been a matter of debate since the dis-
covery of the double helix. The importance of stacking has
recently been highlighted in the context of oligonucleotide
duplexes containing nonpolar nucleobase substitutes as dan-
gling ends.[1,2] Factors such as hydrophobicity (logP), polariz-
ability, dipole moment, surface area, and stacking area have
been discussed as contributors to the observed enhanced
thermodynamic stability.[2–4] In another context, shape
mimics of complementary natural bases that were devoid of
the potential to form hydrogen bonds have been investigat-
ed as probes for DNA-processing enzymes.[5–11] Although
such isosteres destabilize DNA duplexes, they can code for


each other with high precision in polymerase-mediated
DNA replication. These findings triggered an intense search
for novel, aromatic base substitutes that are orthogonal to
the natural base pairs in their recognition properties and
that could potentially be exploited for the extension of the
genetic alphabet.[12–22]


In a non-biological context, DNA is becoming increasing-
ly important as a scaffold for self-assembling nanometer-
scale molecular entities.[23,24] In addition to this, the mecha-
nism of charge transport through the base-stack of DNA has
been extensively investigated in the past,[25,26] and is begin-
ning to be applied for nucleic acid sensing.[26,27] In addition,
the replacement of natural base pairs with metalated base
pairs offers new perspectives in applications of DNA as a
molecular wire or as a spatially addressable magnetic stor-
age device on the nanometer scale.[28,29]


In our research directed towards the exploitation of inter-
strand aromatic interactions for producing novel and func-
tional DNA duplex architectures we recently found that up
to seven biphenyl C-nucleoside pairs can be accommodated
in the center of a helix without loss of duplex stability.[30, 31]


From molecular modeling we proposed a zipper-like recog-
nition model and assumed that the acquired stability is
based on interstrand aromatic interactions between the bi-
phenyl residues. This zipper model is now supported by a


Abstract: The recognition properties of
DNA duplexes containing single or
triple incorporations of eight different
donor-modified (OMe, NH2) and ac-
ceptor-modified (NO2) biphenyl resi-
dues as base replacements in opposite
positions were probed by UV-melting
and by CD and fluorescence spectros-
copy. We found a remarkable depend-
ence of duplex stability on the natures
of the substituents (donor vs. acceptor).
The stabilities of duplexes with one bi-
phenyl pair increase in the order
donor/donor < acceptor/donor < ac-
ceptor/acceptor substitution. The most


stable biphenyl pairs stabilize duplexes
by up to 6 8C in Tm. In duplexes with
three consecutive biphenyl pairs the
stability increases in the inverse order
(acceptor/acceptor < donor/acceptor
< donor/donor) with increases in Tm,
relative to an unmodified duplex, of up
to 10 8C. A thermodynamic analysis,
combined with theoretical calculations
of the physical properties of the bi-


phenyl substituents, suggests that in du-
plexes with single biphenyl pairs the af-
finity is dominated by electrostatic
forces between the biphenyl/nearest
neighbor natural base pairs, whereas in
the triple-modified duplexes the in-
crease in thermal stability is predomi-
nantly determined by hydrophobic in-
teractions of the biphenyl residues with
each other. Oligonucleotides contain-
ing amino biphenyl residues are fluo-
rescent. Their fluorescence is largely
quenched when they are paired with
themselves or with nitrobiphenyl-con-
taining duplex partners.
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recent NMR structure of a biphenyl-modified DNA deca-
mer duplex.[32]


This zipper recognition motif leaves ample room for
modification of the biphenyl periphery in order to modulate
their functional and recognition properties. To investigate
the influence of the p electron density of the biphenyl resi-
dues on duplex stability we prepared a series of biphenyl C-
nucleosides with electron-donating and electron-withdraw-
ing groups in the distal (remote) phenyl ring. Here we
report on the recognition properties of duplexes containing
eight differently substituted biphenyl pairs.


Results


The synthesis of the monomeric C-nucleoside building
blocks and the corresponding oligonucleotides has already
been described.[33] For determining the recognition proper-
ties, two standard sequence contexts were chosen
(Scheme 1). One sequence (mono series) involved the single


incorporation of a biphenyl pair, while the other (triple
series) was based on the inclusion of three contiguous bi-
phenyl pairs in the center of the duplex. Sequences were de-
signed to contain only one type of substituted biphenyl-C-
nucleoside per strand (no mixed biphenyls in the same
strand). As the sequences were not self-complementary, all
permutational arrangements of donor- and acceptor-substi-
tuted biphenyls were possible and no interference from hair-
pin formation had to be allowed for.


Molecular properties of the substituted biphenyls were
calculated by ab initio or semiempirical methods. Table 1
shows calculated values of the ionization energies, dipole
moments, isotropic polarizabilities, and partition coefficients
between water and octanol (logP). Additional UV and fluo-
rescence spectroscopic data are given in Figure S1 (Support-
ing Information). For comparison these calculations were
also performed with the natural purine bases adenine and
guanine.


The calculated ionization energies of the two natural
bases guanine and adenine are in very good agreement with
experimental values (8.24 and 8.44 eV, respectively) deter-
mined by gas-phase photoelectron spectroscopy.[34] This
shows that KoopmanIs theorem (IE=�E ACHTUNGTRENNUNG(HOMO)) is a
simple but suitable method for the calculation of the first
vertical ionization energy. The donor-substituted biphenyls
show lower ionization potentials than the natural purine
bases, whereas the potentials of biphenyls bearing electron-
withdrawing groups are higher. The ionization potential of
unmodified biphenyl is in the same range as those of the
natural purines.


All nitro compounds show very high dipole moments in
relation to the other substituted biphenyls. Biphenyl itself
does not possess a permanent dipole moment for symmetry
reasons. It is generally known that RHF calculations overes-
timate the dipole moments of the natural bases. Comparison
with more accurate calculations of the dipole moments at
the MP2/aug-cc-pVDZ level, however, shows close agree-
ment of the results (m0=6.55 and 2.56 debye for guanine and
adenine, respectively).[35] The isotropic polarizability is cor-
related to the size of the molecule and seems not to depend
on the electronic properties of the substituents. The logP
values are in the same range, with the exception of those of
the two aminobiphenyl compounds, which show lower
values. This can be explained by the hydrogen bond donor
and acceptor properties of the amino group.


Scheme 1. Chemical structures of the biphenyl-C-nucleosides, together
with the corresponding investigated oligodeoxynucleotide duplexes.


Table 1. Structural, physical, and electronic properties of substituted bi-
phenyl compounds (free aromatic units) and of the two natural bases ad-
enine (Ade) and guanine (Gua) for comparison. Gaussian 03 was used
for the RHF calculations with 6-31G ACHTUNGTRENNUNG(d,p) as the basis set.


IE[a] [eV] m0
[b] [Debye] a[c] [Bohr3] logP[d]


Nd 9.3 5.8 141 3.6
Nm 8.8 5.3 127 3.7
Np 8.9 5.8 129 3.7
Bph 8.2 0.0 112 3.7
Mm 8.1 1.3 128 3.8
Mp 7.7 1.4 129 3.8
Am 7.8 1.5 120 2.8
Md 7.6 0.5 144 3.4
Ap 7.4 1.7 122 2.8
Gua 8.1 6.8 – –
Ade 8.4 2.5 – –


[a] First ionization energy based on KoopmanIs theorem (IE = �E-
ACHTUNGTRENNUNG(HOMO)). [b] Dipole moment. [c] Isotropic polarizability. [d] Partition
coefficient between water and octanol from the molinspiration semiem-
pirical routine (http://www.molinspiration.com).
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Mono series : To determine thermal stabilities we recorded
UV melting curves for all possible duplexes under standard
conditions. A representative subset of the data is graphically
reproduced in Figure 1. The duplex with no biphenyl pair


(deletion mutant, Tm=45 8C) served as a standard. The Tm


data are summarized in Table S2 (Supporting Information).
From the data it is evident that none of the biphenyl pairs


destabilizes the parent duplex. On the contrary, most of the
biphenyl pairs increase duplex stability by up to 6 8C, which
is more than the stabilization by an additional AT base pair,
for which a Tm of 47.9 8C was determined. It is immediately
evident that the acceptor-modified biphenyls stabilize the
duplex most (4–6 8C). The mixed donor–acceptor pairs also
stabilize the duplex, although showing greater Tm diversity
(2–6 8C). Interestingly, donor-modified biphenyls do not sig-
nificantly stabilize the duplex. Here the Tm increases are in
the 0–2 8C range relative to the deletion mutant.


To analyze the effect of the substitution patterns on
duplex stability we compared the Tm data for meta- and
para-substituted biphenyls (Figure 2, Table S3, Supporting
Information). We found no significant differences in Tm aris-


ing from the position of substitution and therefore conclude
that steric effects play only a minor role in the recognition
properties of the mono series.


Bulge position : To investigate the interaction of the biphen-
yls with the natural bases only, all eight substituted biphen-
yls were tested in their ability to insert into the DNA base
stack by intercalation (Table 2).


The Tm data clearly demonstrate that oligonucleotides
with acceptor-substituted biphenyls also form more stable
duplexes in bulge positions (Tm up to +6 8C relative to the
unmodified duplex). Again, the donor-substituted (OMe) bi-
phenyls show a more heterogeneous picture (Tm=�4 to
+4 8C). Substitution at the meta position seems to be slightly
favored over para substitution, especially in the case of
donor modification. This is somewhat at variance with the
observation made in the mono series (see above), where
almost no influence of the substitution pattern was found.


Triple series : As in the case of the mono series, the Tm data
(Figure 3, Table S4, Supporting Information) were also mea-
sured for the triple series. As expected, all triple-modified
duplexes are more stable than the mono-modified ones.
However, substantial differences in Tm as a function of the
nature of the biphenyl substituent are also observed in these
cases. Interestingly, addition of any acceptor biphenyl
pair(s) to the first one did not lead to any significant in-
crease in thermal duplex stability. The opposite is observed


Figure 1. Graphical representation of the Tm values determined from UV
melting curves of donor/donor, mixed, and acceptor/acceptor biphenyl
duplexes of the mono series (see Scheme 1). Conditions: see Experimen-
tal Section.


Figure 2. Graphical representation of the Tm values from UV melting
curves of para- and meta-substituted biphenyl duplexes of the mono
series (see Scheme 1). Conditions: see Experimental Section.


Table 2. Tm data from UV melting curves: c=1.2 mm in NaH2PO4


(10 mm), NaCl (150 mm), pH 7.0. Estimated error in Tm = �0.5 8C.


5’-GATGAC-X-GCTAG-3’
3’-CTACTG—CGATC-5’


X Tm [8C] X Tm [8C]


Nd 51.1 Md 43.3
Nm 51.0 Np 49.9
Mm 48.7 Mp 45.3
Am 44.7 Ap 41.1


Figure 3. Graphical representation of the Tm values from UV melting
curves of donor/donor, mixed, and acceptor/acceptor biphenyl duplexes
of the triple series (see Scheme 1). Conditions: see Experimental Section.
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in the case of donor substitution, where the additional inter-
actions lead to higher stability, with the dimethoxy-substitut-
ed system being the most stable. Relative to the deletion
mutant, the Tm increase for the dimethoxy-substituted
duplex amounts to roughly 10 8C (3.3 8C per pair). Again,
the Tm values for the mixed donor/acceptor pairs are located
in-between, with the dinitro/donor arrangements being more
stable (almost of equal stability to the dimethoxy system)
than the mononitro/donor arrangements.


Mono versus triple series : Two different interactions of the
biphenyl residues have to be taken into account when ana-
lyzing these results: firstly, the interaction of the biphenyl
residues with their neighboring natural base pairs, and sec-
ondly, the interaction of the biphenyls with each other. If it
is assumed that the zipper-like interstrand intercalation
model, found by NMR for the single series,[32] also applies to
the triple series, the interactions with the neighboring natu-
ral base pairs clearly dominate in the mono series (two con-
tacts with the neighboring natural base pairs and one inter-
biphenyl contact), while in the triple series the interbiphenyl
contacts dominate (two contacts with the neighboring natu-
ral base pair and five interbiphenyl contacts). To determine
the contribution to the thermal stability of the interbiphenyl
interactions exclusively we plotted the DTm values between
the triple and the mono series. As can be seen from Figure 4
it clearly emerges that acceptor biphenyl interactions do not
contribute much to the duplex stability, while donor biphen-
yl interactions do so significantly. Again, the Tm values for
the donor/acceptor arrangements are in-between.


As before, the influence of the biphenyl substitution pat-
terns on duplex stability was investigated. We found a
strong difference between meta- and para-substituted bi-
phenyls (Figure 5, Table S5, Supporting Information). Sub-
stitution in the para position seems to be more favorable in
all cases, regardless of the electronic character (donor or ac-
ceptor) of the substituent.


Thermodynamic data for duplex formation : To determine
the origins of the differences in thermal stability, the free
energies of duplex formation (DG298 K) were derived from
plots of 1/Tm against lnc (Figure S1, Supporting Informa-
tion) for duplexes containing one or three dinitro- or dime-
thoxybiphenyl pairs (Table 3). As expected, we found higher


thermodynamic stability of the triple-modified dimethoxy
duplex over its mono-modified counterpart, by almost 6 kcal
mol�1. Interestingly, the higher thermodynamic stability is
largely due to a more favorable pairing enthalpy term (DH).
In the case of the dinitro series a slight reduction of the DH
term between the single- and the triple-modified duplexes
was found.


CD spectroscopy : While the overall structure in the mono
series is known from NMR,[32] corresponding information
for duplexes containing more than one biphenyl pair is not
yet available. To obtain some preliminary data on the influ-
ence of multiple substitutions on the helix parameters, CD
spectra of selected duplexes in the triple series were mea-
sured (Figure 6). Each CD spectrum shows the typical shape
of a right-handed helix of the B type. The red shift of the el-
lipticity maxima of the OMe-substituted biphenyl duplexes
correlates with their red-shifted UV absorption maxima and
is consistent with these units being in the chiral environment
of a stacked structure (induced CD). CD spectra at different
temperatures reflect cooperative structural transitions


Figure 4. Graphical representation of the DTm values (triple�mono
series, Scheme 1) from UV melting curves. Conditions: see Experimental
Section.


Figure 5. Influence of the substitution pattern on DTm (triple�mono
series, Scheme 1). Conditions: see Experimental Section.


Table 3. Tm data from UV melting curve analysis and thermodynamic
data from van’t Hoff analysis. c=1.2 mm in NaH2PO4 (10 mm), NaCl
(150 mm), pH 7.0. Estimated error in Tm = �0.5 8C.


5’-GATGAC-(X)n-GCTAG-3’
3’-CTACTG-(Y)n-CGATC-5’


X–Y n DG298 K


[calK�1mol�1]
DH


[kcalmol�1]
DS


[calK�1mol�1]


Nd–Nd 1 �15.1 �78.1 �211.5
Nd–Nd 3 �15.0 �75.9 �204.6
Md–Md 1 �14.0 �79.3 �219.1
Md–Md 3 �19.7 �114.1 �316.9
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around the expected melting temperatures (Figure S2, Sup-
porting Information).


Fluorescence measurements with amino-substituted biphen-
yls : In contrast to the nitro- and the methoxy-substituted bi-
phenyls, the amino-substituted ones are fluorescent. We
therefore investigated the fluorescent properties of the para-
aminobiphenyl residues in duplexes of the triple series both
with themselves and with the nitrobiphenyls that act as fluo-
rescence quenchers in the opposite positions. The para-sub-
stituted aminobiphenyl was given preference, due to its
more red-shifted excitation and emission wavelengths.


When the para-aminobiphenyls were placed opposite dini-
trobiphenyls, strong decreases in fluorescence intensity were
observed (Figure 7). Upon melting, the fluorescence intensi-
ty is increased twofold to the level of that of the single
strand alone.


The aminobiphenyl unit also shows self-quenching. Paired
with itself in a duplex, fluorescence is reduced twofold and
upon melting is restored to an intensity that corresponds to
the sum of the single-strand fluorescence. No signs of exci-
mer formation were observed.


Both quenching results show that the biphenyl moieties
must be in close contact. The control shows that there is no
significant influence of the temperature on single-strand
fluorescence. Comparison of the single strands containing
one and three Ap modifications shows that intrastrand
quenching of the biphenyls in the single stand is not very
pronounced. The triple-modified strand therefore shows
almost three times enhanced fluorescence intensity (Fig-
ure S3, Supplementary Information).


Discussion


Biphenyl–natural base pair interactions in the mono series :
The presented structure/affinity relationship for duplexes
containing single biphenyl pairs showed a strong depend-


ence of Tm on the nature of the substituents (donor vs. ac-
ceptor). The stabilities increase in the order donor/donor <
donor/acceptor < acceptor/acceptor pairs. A recent NMR
structure of a decamer duplex containing a dinitrobiphenyl/
dimethoxybiphenyl pair gave a detailed picture of the rela-
tive arrangement of the biphenyls in the duplex. Tight intra-
strand face-to-face stacking of the proximal biphenyl ring on
an adjacent 3’-guanine base was observed, determining the
order by which the biphenyls recognize each other through
interstrand stacking contacts.[32] If it is assumed that the in-
teractions with the adjacent natural base pairs are energeti-
cally dominant, the preference of acceptor biphenyls can be
explained by more favorable interaction of these electron-
poor aromatic compounds with the adjacent electron-rich
natural guanine bases in the 3’-direction (quadrupolar inter-
actions, electrostatic). Further evidence comes from the ob-
servation that acceptor-substituted biphenyls are also found
to be more stabilizing than donor-substituted biphenyls in
bulge positions between two CG base pairs. Quadrupolar ef-
fects have been demonstrated to be important in different
model systems, especially if aromatic units are oriented in a
face-to-face orientation.[36–38] In addition, our calculations


Figure 6. CD spectra of selected duplexes of the triple series: c=3.6 mm


in NaH2PO4 (10 mm), NaCl (150 mm), pH 7.0, T=20 8C.


Figure 7. Fluorescence emission spectra, at different temperatures, of a
duplex containing three p-aminobiphenyl nucleotide (Ap) units in both
strands (top) and of a mixed duplex with the Ap–Nd combination
(bottom): exlmax=278 nm; slit : 5 (ex.)/10 (em.); c=1.2 mm in NaH2PO4


(10 mm), NaCl (150 mm), pH 7.0.
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show that all nitrobiphenyls possess high permanent dipole
moments and could therefore interact with the neighboring
natural bases through favorable induced dipolar interactions.
This effect would be expected to be particularly strong with
an adjacent natural guanine base because it possesses the
highest polarizability of all four natural bases.[39]


Another driving force for stability could be the dispersive
forces (momentary dipole–induced dipole interactions) be-
tween two aromatic entities. These are known to depend on
the polarizabilities and on the extent of overlap of the inter-
acting partners. Given the fact that our calculations did not
show any significant differences in polarizability a between
structurally matching pairs of nitro- and methoxy-substitut-
ed biphenyls (Table 1) we conclude that these effects are of
minor importance and do not explain the observed stability
differences.


Previous studies with duplexes containing aromatic units
as dangling ends show that inductive and electrostatic ef-
fects play a minor role relative to solvation in helix stabiliza-
tion.[2] The structural context here is different from the dan-
gling end situation insofar as the aromatic units are com-
pletely integrated in the DNA base stack and have no sur-
face with direct exposure to the solvent. Unless there are no
major structural and energetic differences in the single
strands this would imply that solvation was a less important
criterion in interpretation of the observed relative stabilities.
Together with the arguments above, we therefore conclude
that electrostatic contributions are energetically relevant in
the mono series. We explicitly mention here that the situa-
tion is different in the case of the triple series (see below).


Biphenyl–biphenyl interactions in the triple series : Surpris-
ingly, the investigation of the triple-modified duplexes
showed thermal stabilities increasing in the order acceptor/
acceptor < donor/acceptor < donor/donor. This is the op-
posite of what was observed in the mono series and is also
counterintuitive, as electrostatic repulsion would be sup-
posed to destabilize a tight arrangement of highly electron-
rich aromatic compounds. Unfortunately, the arrangement
of the biphenyl pairs in multiply substituted duplexes is not
exactly known. In the absence of a detailed 3-D structure
the following discussion is based on the assumption that the
zipper-like interstrand intercalation model can also be ex-
tended to the triple series.


Obviously there are intrinsically different energetic effects
driving the biphenyl–biphenyl and the biphenyl–natural
base pair interactions. In order to address the biphenyl–bi-
phenyl interactions separately, we performed a differential
thermal stability analysis by subtracting the Tm values of the
mono series from those of the triple series. Given that the
sequence context and the positioning of the biphenyl units
are identical, this seems to be a valid method to identify rel-
ative preferences.


The DTm data (Figures 4, 5) clearly show that steric effects
do not dominate in the overall association behavior. The
thermodynamic parameters of duplex formation (Table 3)
indicate that the differences in stability of mono- and triple-


substituted dimethoxybiphenyl systems is mostly determined
by a favorable change in enthalpy (DH), which is not the
case in the dinitrobiphenyl systems. There are numerous ex-
amples of molecular complex formation in solution charac-
terized by favorable changes in enthalpy, but unfavorable
changes in entropy (DH < 0; TDS < 0).[40] This so called
“nonclassical hydrophobic effect” was attributed to favor-
ACHTUNGTRENNUNGable changes in solvent cohesive interactions and gains in
dispersive interactions. Solvent molecules prefer to interact
with bulk solvent molecules rather than to solvate apolar
surfaces, and the host and guest molecules tend to interact
with each other rather than with solvent molecules. Our cal-
culations do not show any significant differences in polariza-
bility a between the structurally related nitro- and methoxy-
substituted biphenyls, thus ruling out a gain in dispersive in-
teractions in the dimethoxy case. Therefore, the nonclassical
hydrophobic effect, as observed in the dimethoxy case, is
primarily the result of distinct differences in the solvent in-
teractions between dinitro- and dimethoxybiphenyl residues
rather than dispersive forces. Alternative effects such as, for
example, differences in the structures of the single strands,
have also been addressed as a means to explain the different
thermochemical behavior. The CD spectra of a dimethoxy-
and of a dinitrobiphenyl-carrying single strand (triple series)
at different temperatures showed slight differences in ellip-
ticities, especially in the 230–260 nm region (Figure S4, Sup-
plementary Information). In neither case, however, does the
temperature series reflect a cooperative structural change,
thus ruling out distinctly folded single-strand structures in
both systems.


Through integration of all experimental data we currently
favor a model in which the self-recognition of the biphenyl
residues is mainly solvation-driven. The energetic superiori-
ty of the methoxybiphenyl interaction over the nitrobiphen-
yl interaction seems to be best explained by a nonclassical
hydrophobic effect in the former case, based on an energetic
gain in ordered solvent–solvent interactions during single
strand to duplex transition.


Conclusion


In our previous investigations with unsubstituted biphenyl-
C-nucleosides we found that up to seven biphenyl residues
can be accommodated in the center of a duplex without
breakdown of duplex stability.[30,31] We put forward a struc-
tural model in which opposing biphenyls recognize each
other through zipper-like interstrand intercalation. This
model has proven correct for single biphenyl pairs.[32] In the
work presented here we show that substitution of the
remote phenyl ring of the biphenyl residues with p-donor or
-acceptor substituents is possible without the collapse of the
double helical structures. In addition, a remarkable indiffer-
ence of stability as a function of the position of substitution
was found. Some modifications lead to increases in stability,
exceeding those of natural base pairs. While the biphenyl/
natural base pair interactions are energetically dominated
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by electrostatic interactions, the biphenyl/biphenyl interac-
tions seem to be dominated by solvation effects.


The flexibility of the biphenyl recognition system as out-
lined in this work poses at least two relevant questions for
further study. Firstly, from the viewpoint of basic supra-
molecular chemistry it will be of interest to ascertain wheth-
er homo- or hetero-biphenyl pairs that are orthogonal to
each other in their recognition properties can be found. If
such pairs exist, one could imagine the construction of a
primitive genetic code based on differences in hydrophobic
properties only and not relying on hydrogen bonds for selec-
tivity. Secondly, through incorporation of donor- and accept-
or-modified biphenyls with different redox properties into
DNA, its charge-transport (electron or hole) properties
could be attenuated and expanded beyond the range of that
of the four natural bases. This may be interesting for appli-
cations in the fields of DNA diagnostics and DNA-based
materials.


Experimental Section


Sample Preparation : The syntheses of modified phosphoramidite mono-
mers and their incorporation into oligodeoxynucleotides have been de-
scribed elsewhere.[33] Unmodified oligodeoxynucleotides were purchased
from Microsynth (Balgach, Switzerland) and used without further purifi-
cation.


Thermal denaturation : All UV melting curves were recorded at least
twice at 260 nm on a Cary 3E UV/VIS spectrometer (Varian) fitted with
a Peltier block and with the aid of Varian WinUV software. The oligonu-
cleotide concentration was 1.2 mm in NaH2PO4 (10 mm), NaCl (150 mm),
pH 7.0. The extinction coefficients for all biphenyl-C-nucleosides were
experimentally determined and are given in (Table S1 (Supporting Infor-
mation). Consecutive heating-cooling-heating cycles over the tempera-
ture interval of 10 to 90 8C were applied with a linear gradient of
0.5 8Cmin�1. Heating and cooling ramps were superimposable. Each Tm


value (uncertainty �0.5 8C) was defined as the maximum of the first de-
rivative of the melting curve. For the vanIt Hoff plots (1/Tm against lnc),
Tm values were measured at five different concentrations over the con-
centration range of 0.5–15 mm (duplex) in the same buffer as described
above.


Circular dichroism spectroscopy : Circular dichroism spectra were record-
ed on a Jasco J-715 spectropolarimeter fitted with a Jasco PFO-350S tem-
perature controller. Subsequently, the graphs were smoothed with a noise
filter. The oligonucleotide concentrations were 1.2–3.6 mm in NaH2PO4


(10 mm), NaCl (150 mm), pH 7.0.


Fluorescence spectroscopy : Fluorescence spectra were recorded on a
Cary Eclipse fluorescence spectrometer (Varian). The oligonucleotide
concentration was 1.2 mm in NaH2PO4 (10 mm), NaCl (150 mm), pH 7.0.


Calculations : Ab initio calculations were performed by use of Gaussi-
an 03 from Gaussian. Restricted Hartree–Fock (RHF) with the basis set
6-31G ACHTUNGTRENNUNG(d,p) was used for all calculations. logP values were calculated with
the aid of the program molinspiration (http://www.molinspiration.com).
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Introducing Negative Charges into Bis-p-phenylene Crown Ethers: A Study
of Bipyridinium-Based [2]Pseudorotaxanes and [2]Rotaxanes


Elena Lestini, Kirill Nikitin,* Helge M4ller-Bunz, and Donald Fitzmaurice[a]


Introduction


Molecular electronics and artificial molecular machinery are
undergoing a breakthrough in recent years.[1] The progress
in these fields relies on the ability of the molecular compo-
nents to perform their function consistently. Supramolecular
chemistry, surface chemistry and nanoparticle chemistry
offer a range of applications in material science, biomedical
monitoring and analysis.[2] Therefore, intelligent and robust
components are required for nanoscale molecular and
supramolecular architectures to function as intended in solu-
tion or at the surface.
Particularly interesting are electronically addressable and


switchable molecules and interlocked molecular systems,


such as [2]rotaxanes. Recently, for example, electron trans-
fer processes at the surface have been studied in systems in-
corporating orientation-specific tripodal linkers connecting
electroactive moieties.[3] The topology of [2]rotaxanes
allows, in principle, the macrocyclic component of a [2]ro-
taxane to undergo a reversible internal translational motion
(RITM), thus working as a molecular shuttle or switch.[4]


Despite the rapid growth in this area and various ap-
proaches to study RITM in switchable [2]rotaxanes, little
was known until recently about their detailed conformation
and methods to elucidate and control their conformations.[5]


While in many cases the RITM can be achieved by applying
an appropriate stimulus, it is noted that the most remarkable
results were obtained both in solution and on surfaces when
strong electrostatic interactions were used to control the
RITM of macrocyclic components of the interlocked mole-
cules.[1,6]


It has recently been demonstrated that electrostatic repul-
sion forces can be modulated to control the shuttling and/or
circumrotation movements in interlocked molecular system-
s.[6a,b] However, electrostatic attraction forces have not been
used in this capacity. It is surprising as the electrostatic at-


Abstract: This paper describes novel
host–guest systems comprising viologen
cations (guests) and the derivatives of
bis-para-phenylene-34-crown-10 (hosts)
with anionic groups COO� or SO3


�.
The structure of the resulting charge-
compensated host–guest complexes,
their association constants and their
electrochemical behaviour have been
studied. In the solid state, the viologen
cations thread the negatively charged
crown ethers forming electroneutral
zwitterion-like [2]pseudorotaxane salts;
in solution this threaded geometry is
preserved. The association constants of
[2]pseudorotaxane salts incorporating
the 1,1’-diethylviologen moiety in solu-


tion are significantly higher than those
of previously reported analogues. The
extrapolated association free energies
in non-aqueous media exceed
�40 kJ·mol�1 at 25 8C. This significant
increase of the interaction free energy
makes these compounds stable even in
aqueous solutions. The association con-
stants of [2]pseudorotaxane salts incor-
porating sterically more hindered 1,1’-
diethyl-3,3’-dimethylviologen moieties


are significantly lower. Structurally re-
lated [2]rotaxane salts, in which the op-
positely charged ionic components are
mechanically interlocked, have been
prepared in good yields. It has been
shown that [2]rotaxane salts incorpo-
rating anti-isomers of bisfunctionalised
crown ethers are cycloenantiomeric. In
both [2]pseudorotaxane and [2]ro-
taxane salts, the electrostatic interac-
tions between the viologen moieties
and the negatively charged crown
ethers lead to very significant negative
shifts of viologen reduction potentials
up to 450 mV. The findings of the pres-
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nanoscale molecular electronic devices.
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traction is the most common intercomponent interaction
found in salts, ion pairs and supramolecular and biomolecu-
lar systems.[6c–k] It was shown recently that electrostatic at-
traction can direct ionic self-assembly.[6l]


A switchable [2]rotaxane is represented in Scheme 1. This
interlocked molecular system comprises the crown ether C
threaded by the dumbbell-shaped component (“axle”), in-


corporating two positively charged and, therefore, electro-
chemically active viologen sites V1 and V2. Assuming that
V1 represents the “strong” viologen recognition site, an elec-
trically neutral crown ether, such as 1 or 2, which is initially
localised at V1, can be switched to the “weak” site V2 by
means of electrochemical or photochemical reduction of
V1.


[3b,4b, c,5] Let us consider how a negative charge on the
crown ether may influence its RITM in [2]rotaxane. In this
case, a strong electrostatic attraction additionally stabilises
both translational isomers (co-conformations) of the [2]ro-
taxane when the crown ether, for example, 3, is localised at
viologen site V1 or V2. The electrostatics will create deeper
energy wells for 3 at both viologen sites in this interlocked
system. It is important to find out whether the electrochemi-
cally controlled switching is still feasible in this case. This


will be determined by the chemical structure, stability and
electrochemical behaviour of [2]rotaxanes and [2]pseudoro-
taxanes incorporating model viologens 5–8 and charged
crown ethers 3 and 4.
In the present paper, we report the discovery of a novel


type of [2]pseudorotaxanes and related [2]rotaxanes in
which the molecular components are oppositely electrically
charged. Consequently, the mutual molecular recognition is
significantly enhanced by the resulting intercomponent elec-
trostatic attraction forces. In these compounds, termed here
[2]pseudorotaxane and [2]rotaxane salts, respectively, the
positive and negative charges are internally compensated.
The findings reported allow us to predict that electrostatic
attraction interactions of components will help control shut-
tling-type RITM in interlocked molecular systems. Further
work on the preparation and application of interlocked sys-
tems of even greater complexity is under way.


Results and Discussion


Preparation of anionic crown ethers : The prototype bis-p-
phenylene-34-crown ether 1, its carbalkoxy derivatives as
well as derivatives of other crown ethers have been previ-
ously prepared and their association with cations has been
studied.[7] It has been found that association with viologens
increases with the addition of the ester groups to the back-
bone of 1.[7b] However, no attempts have been made to pre-
pare anionic bis-p-phenylene crown ethers and to test their
complexation with viologens. It is worth noting that strong
binding of metal cations to anionic aliphatic crown ethers[7c,d]


as well as strong binding of lysine to an anionic cylinder-
shaped artificial molecular receptor have been described.[7f]


It was demonstrated that the addition of carboxylates to the
crown-ether backbone gives a mean logK increment 2.6 for
divalent cations.[7d]


In the present work, we studied novel anionic crown
ethers 3 and 4 and compared them to the neutral crown
ethers 1 and 2 (Scheme 1). It was expected that the nega-
tively charged 3 and 4 would interact strongly with the posi-
tively charged viologens 5–8 and the resulting electroneutral
[2]pseudorotaxane salts would include one doubly negative-
ly charged macrocycle and one doubly positively charged vi-
ologen moiety. It should be noted, that the model viologens
5 and 6 incorporate a more electron deficient and less steri-
cally hindered viologen moiety, V1, than the viologens 7 and
8 (V2).


[3b,4b, c] As a consequence, the V1 moiety possesses a
higher affinity for crown ethers and can be reduced at less
negative potentials than V2.
The synthesis of the carboxylate crown ether 3 was car-


ried out from an aromatic building block, 9, and a glycol
chain building block, via the ester 2 and acid 11 (Scheme 2).
Firstly, 9 was alkylated at the more accessible 5-hydroxyl by
using an excess of the dibromide at 60 8C. This was possible
due to the intramolecular hydrogen bonding between the 2-
hydroxyl group and the ethoxycarbonyl group in the ester 9.
The cyclisation of the resulting bromide 10 at a slightly


Scheme 1. Bistable [2]rotaxane (top) incorporating a crown ether (e.g. 1–
4) and two viologen stations (e.g. 5–8).
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higher temperature, 80 8C, furnished the crown ester 2 in
good yield. The ester groups of 2 were saponified and the
acid 11 was isolated as a colourless monoclinic crystalline
material. The tetramethylammonium salt 3 was prepared
and used in the present study as it has the advantage of
being soluble in water, methanol, acetonitrile and other sol-
vents.
The molecular structure of the acid 11 was confirmed by


X-ray diffractometry (Figure 1). Clearly, the two carboxylic
groups of 11 are attached to the bis-p-phenylene-34-crown-
10 backbone in the anti-position and point in opposite direc-
tions. The distances between the oxygen atoms of the two
different carboxylate groups (7.2–8.0 N) are similar to the
typical distances between positively charged nitrogen atoms
in viologen guests (7.0 N), providing a good geometric
fit.[5d,e]


The synthesis of the crown ether 4 was carried out by the
direct sulphonation of the crown ether 1 with chlorosul-


phonic acid (Scheme 3). The
product is a mixture of two iso-
meric disulphonic acids syn-12
and anti-12 in equimolar quan-
tities. As attempts to isolate in-
dividual isomers of 12 failed,
the two acids were converted
into a mixture of tetrabutylam-
monium salts 4. This material
was used for the measurements
and for subsequent synthetic
steps.
For the purposes of compara-


tive study of the anionic crown
ethers, a model aromatic car-
boxylate 14 was prepared as
shown in Scheme 3. This com-
pound incorporates a p-dialkox-
yaromatic ring and a negatively
charged carboxylate group thus
representing the aromatic unit
of macrocyclic 3.


Structure of [2]pseudorotaxane salts : The [2]pseudoro-
taxane salts 15 and 16 were prepared by ion-exchange reac-


Scheme 2. Preparation of the macrocyclic carboxylate 3. Reaction conditions (room temperature unless other-
wise stated): i) ethanol, H2SO4, reflux, 6 d, 93%; ii) Br-(CH2CH2O)3CH2CH2Br, K2CO3, acetonitrile, 60 8C, 3 d,
31%; iii) K2CO3, acetonitrile, 80 8C, 3 d, 53%; iv) a) NaOH, ethanol, 60 8C, 2 h; b) HCl, 100%; v) tetramethy-
lammomnium hydroxide, methanol, 100%.


Figure 1. X-ray crystal structure of the macrocyclic acid 11.


Scheme 3. Top: preparation of macrocyclic sulphonate 4 ; bottom: prepa-
ration of acyclic carboxylate 14. Reaction conditions (room temperature
unless otherwise stated): i) HSO3Cl, 0 8C, 1 h, 78%; ii) tetrabutylammoni-
um hydroxide, methanol, 100%; iii) tetramethylammonium hydroxide,
methanol, 100%.
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tions between the viologen hexafluorophosphate 6 and the
macrocyclic salts 3 and 4 in aqueous alcohol (Scheme 4).
These reactions yield deeply coloured solutions of the highly
polar [2]pseudorotaxane salts, while the insoluble tetraalkyl-
ammonium salts precipitate and can be filtered off.
The crystal structures of hydrated [2]pseudorotaxane salts


15 and 16 are shown in Figure 2a and b, respectively. In both
structures, the viologen moiety threads the anionic macrocy-
cle. This important finding demonstrates that in the solid
state the threaded species, 15 and 16, are more favourable
than other possible ion-paired species. It should be noted
that the position, orientation and internal dihedral angle of
the viologen moiety in 15 and 16 are similar to those in
common [2]pseudorotaxanes containing the neutral crown
ether 1.[5d,e] However, there are a few surprising features.
For example, in the [2]pseudorotaxane salt 15 the distance
between the anionic carboxylate groups of the crown ether
moiety (around 10 N) is considerably greater than in the
structure of the acid 11 (7.2 N) due, possibly, to electrostatic
repulsion. As a result, in the solid [2]pseudorotaxane salt 15,
the cationic nitrogen of the viologen moiety and the anionic
carboxylates are rather far from each other (the closest con-
tact is 5.5 N) and the carboxylates point away from the viol-
ogen moiety into layers of hydrating water molecules. The
hydration shell of water molecules (twelve molecules per
each [2]rotaxane salt unit) form layers separating adjacent
[2]pseudorotaxane salt units from each other. This type of
hydration prevents direct contacts between the carboxylate
groups and the positively charged nitrogen atoms. As all at-
tempts to fully dehydrate the [2]pseudorotaxane salt 15 led
to irreversible decomposition, the constitutional water is
likely to be an additional stabilisation factor of the [2]pseu-
dorotaxane salt in the solid state. It is also noted that as the
viologen moieties are commonly extremely sensitive to
bases, the presence of excess base or excess carboxylate


should be strictly avoided when preparing [2]pseudoro-
taxane salt 15. By comparison, in the solid [2]rotaxane salt
16, the distance between the anionic sulphonate groups of
the crown ether moiety (8.9–10 N) and their closest contacts
with viologen nitrogens (5.2 N) are slightly shorter than in
the structure 15. Additionally, the number of the hydrating
water molecules (only two per each [2]pseudorotaxane salt


Scheme 4. Formation of [2]pseudorotaxane salts in solution


Figure 2. a) X-ray crystal structure of the [2]pseudorotaxane salt 15. b) X-
ray crystal structure of the [2]pseudorotaxane salt 16.
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unit) is substantially lower that in 15. As a result, in the
solid [2]pseudorotaxane salt 16, the cationic nitrogen of the
viologen moiety and the anionic sulphonates are not sepa-
rated from each other by layers of water molecules. It can
be concluded, that the sulphonate groups provide better
charge delocalisation than the carboxylate groups and im-
prove the stability of [2]pseudorotaxane salts.
While the key finding of the above crystallographic study


is that the positively charged viologen moieties form stable
threaded [2]pseudorotaxane salts with negatively charged
crown ethers in the solid state, the question which arises is
whether the threaded structure remains preserved in solu-
tion. To answer this question, the study of the [2]pseudoro-
taxane salts and related species in solution was carried out
by NMR spectroscopy.
The proton NMR spectra of the individual viologen bro-


mide 5, tetramethylammonium carboxylate 3 and their equi-
molar mixture were recorded in methanol at 25 8C (Fig-
ure 3a). Given the high value of association constant Ka


under the specified conditions (vide infra), the association
equilibrium is fully shifted towards the formation of [2]pseu-
dorotaxane salt 15 (Scheme 4: R=H, X=Br). The interac-
tions between the viologen moiety and the negatively
charged crown ether in 15 are accompanied by significant


upfield shifts of the resonances in the region of d=8.0–
9.5 ppm (H1 and H2 of the viologen moiety, Scheme 4) and
in the region of d=6.0–7.3 ppm. (H3–H5 of the crown
ether). These shifts in the case of the [2]pseudorotaxane salt
15 are attributed to mutual strong diamagnetic shielding due
to the p-stacking of viologen and crown ether aromatic sys-
tems.[8] Consequently, it can be concluded that in solution
the viologen moiety threads the negatively charged crown
ether 3 to form [2]pseudorotaxane salt 15. A NOESY study
of 15 demonstrates that when irradiating the H2 protons of
the viologen (d=8.1 ppm) strong interactions are observed
with the H1 protons of the viologen at d=9.1 ppm and with
all three aromatic protons H3, H4, H5 (region d=6.0–
6.6 ppm) of the crown ether. Similar experimental observa-
tions were made for the interaction of the bromide 5 with
the sulphonate 4 in methanol.
The 1H NMR spectra of the sterically hindered 3,3’-dime-


thylviologen bromide 7, the tetramethylammonium salt 3
and their equimolar mixture were also recorded in methanol
at 25 8C (Figure 3b). Given the high value of Ka under the
specified conditions, the association equilibrium is shifted
towards formation of [2]pseudorotaxane salt 17 (Scheme 4:
R=Me, X=Br). The interactions between the viologen
moiety and the negatively charged crown ether 3 in this case
are accompanied by significant upfield shifts of the resonan-
ces in the region of d=8.0–9.2 ppm (H1 and H2 of the violo-
gen moiety) and less significant upfield shifts in the region
of d=6.5–7.0 ppm (H3–H5 of the crown ether). Similarly to
the [2]rotaxane salt 15, the upfield shifts of H1 and H2 of the
viologen moiety can be attributed to diamagnetic shielding
by the closely approaching aromatic systems of the crown
ether. The relatively small values of the observed upfield
shifts of the crown ether protons H3–H5 probably indicate
that the sterically hindered 3,3’-dimethylviologen moiety in
[2]pseudorotaxane salt 17 cannot adopt a fully planar con-
formation. This steric barrier prevents the formation of a
“sandwiched” three-decked [2]pseudorotaxane structure and
diminishes the diamagnetic shielding effect. A NOESY
study of the [2]pseudorotaxane salt 17 demonstrates that
when irradiating the H2 protons of the viologen, strong in-
teractions are observed with the H1 protons of the viologen
and with all three aromatic protons H3, H4, and H5 of the
crown ether. It is concluded, that in solution, the viologen
moieties of 5 and 7 thread the negatively charged crown
ether 3 to form [2]pseudorotaxane salts 15 and 17.
The interaction of viologen bromide 5 with the non-mac-


rocyclic carboxylate 14 was studied and compared to the
macrocyclic anions 3 and 4. Although the interaction of 5
with carboxylate 14 can be observed visually (orange colour
of a 1:2 mixture of 5 and 14 in methanol), the 1H NMR
spectrum of this mixture at 25 8C (Figure 4) shows no up-
field shifts of the resonances. This demonstrates that the ob-
served upfield NMR shifts for [2]pseudorotaxane salts 15
and 17 should be attributed to threading rather than forma-
tion of ion pairs or charge-transfer interactions.
Having established that the viologens 5 and 7 thread neg-


atively charged crown ethers in solution, it was interesting


Figure 3. a) Partial 1H NMR spectra of viologen 5, crown ether 3 and
their equimolar mixture in CD3OD at 25 8C; b) partial 1H NMR spectra
of viologen 7, crown ether 3 and their equimolar mixture in CD3OD at
25 8C (concentration 1.00Q10�2 moldm�3).
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to study the possibility of an interaction between a sterically
stoppered dumbbell-shaped “axle” containing a viologen
moiety and a negatively charged crown ether. Additional ex-
periments (see the Supporting Information, part 1) have
shown that the electrostatic interactions in this case lead to
the formation of ion pairs, possibly by wrapping of the
crown ether around the viologen moiety.
On the basis of the above comparative NMR spectroscop-


ic study of the interactions between viologens and carboxyl-
ate anions 3 and 14, it is concluded that in solution, as in the
solid state, the viologens thread the anionic crown ethers to
form [2]pseudorotaxane salts.


Association constants of [2]pseudorotaxane salts : It is ex-
pected that the thermodynamic stability of the [2]pseudoro-
taxane salts incorporating negatively charged crown ethers 3
and 4 and viologens would be substantially higher than that
of the [2]pseudorotaxanes incorporating neutral crown
ethers 1 and 2. The equilibrium association constants Ka be-
tween viologens 5–8 and crown ethers 1–4 (Scheme 4) were
measured by using a dilution method.[9] The equilibrium was
monitored by UV/visible spectroscopy at 25 8C in water/
methanol mixtures for bro-
mides 5 and 7 and in water/
acetonitrile mixtures for hexa-
fluorophosphates 6 and 8. The
results are given in Table 1.
The association of the violo-


gen 5 with the neutral crown
ethers 1 and 2 is not observed
in water (due to sparing solu-
bility of the crown ether) and
is moderately strong in metha-
nol (Table 1). On the contrary,
the association of 5 with the
anionic crown ether 3 is suffi-
ciently strong to be measured
even in neat water. The Ka in


this case increases rapidly with the addition of methanol or
acetonitrile due, possibly, to the decrease of ionising power
of the solvent media.[10,11] Consequently, the association con-
stant Ka cannot be directly measured in neat methanol or
acetonitrile due to poor linearity of the acquired data.
To estimate association constants Ka in neat organic sol-


vents, the respective measurements were carried out in
aqueous mixtures and the results were extrapolated. This
was done on the basis of an assumption that the ionizing
power Y of a solvent mixture can be approximated by a
linear function of the composition of this mixture (see the
Supporting Information, part 2).[10]


Clearly, the association constants of 1,1’-diethylviologens
5 and 6 with the negatively charged crown ethers 3 and 4
are generally 4–5 orders of magnitude higher than the asso-
ciation constants with neutral crown ethers 1 and 2 in the
same solvent (Table 1). The association constants of [2]pseu-
dorotaxane salts incorporating 3,3’-dimethyl-1,1’-diethylviol-
ogens 7 and 8 and negatively charged crown ethers 3 and 4
are, as expected, 1–2 orders of magnitude lower than the as-
sociation constants of 1,1’-diethylviologens 5 and 6
(Table 1). Apparently, the steric hindrance within the 3,3’-di-
methyl-1,1’-diethylviologen moiety decreases its predilection
for complexation with crown ethers.[3b,4b] In short, the ob-
served affinity of the disubstituted crown ethers CY2 (cf
Scheme 1) towards viologens decreases in the following
order:�SO3


�>�COO�@�COOEt>�H.
The crystal structure data on [2]pseudorotaxane salts can


be used to estimate the electrostatic energy contribution to
their stability in solution. For example, considering the asso-
ciation free energy, DG8, of the viologen 6 with the neutral
crown ether 1 (�11.8 kJmol�1 in acetonitrile, Table 1) and
with the charged crown ether 3 (�40.2 kJmol�1 in acetoni-
trile) one can conclude that the estimated electrostatic con-
tribution to the DG8 value in the case of 3 is D ACHTUNGTRENNUNG(DG8)=


�28.4 kJmol�1. Assuming that the viologen 6 threads the
charged crown ether 3 in solution forming [2]rotaxane salt
15 (Scheme 4), the electrostatic energy contribution to this
process is equal to the electrostatic interaction energy, Ee,
between the viologen dication and the crown ether dianion
in solution. Ee can be estimated (see the Supporting Infor-


Figure 4. Partial 1H NMR spectra of viologen 5, carboxylate 14 and their
mixture in CD3OD at 25 8C (concentration of 5 1.00Q10�2 moldm�3).


Table 1. Association constants of [2]pseudorotaxanes and [2]pseudorotaxane salts.[a]


Viologen Host Complex Solvent Ka [dm
3mol�1] DG8 [kJmol�1]


5 1 5·1 MeOH ACHTUNGTRENNUNG(5.1�0.2)Q102 �15.5�0.1
6 1 6·1 MeCN ACHTUNGTRENNUNG(1.2�0.1)Q102 �11.8�0.4
5 2 5·2 MeOH ACHTUNGTRENNUNG(7.3�0.4)Q102 �16.3�0.1
5 3 15 H2O ACHTUNGTRENNUNG(6.0�0.3)Q102 �15.9�0.1
5 3 15 MeOH[b]


ACHTUNGTRENNUNG(7.8�3)Q105 �33.6�2.0
5 3 15 MeCN[b]


ACHTUNGTRENNUNG(3.6�1.6)Q106 �37.4�1.6
6 3 15 MeCN[b]


ACHTUNGTRENNUNG(1.2�0.5)Q107 �40.2�2.0
5 4 16 MeOH[b]


ACHTUNGTRENNUNG(4�2)Q106 �37.7�2.0
6 4 16 MeOH[b]


ACHTUNGTRENNUNG(4�2)Q107 �43.0�2.0
7 3 17 MeOH[b]


ACHTUNGTRENNUNG(3.4�0.8)Q104 �25.9�0.7
8 3 17 MeCN[b]


ACHTUNGTRENNUNG(6.8�1)Q104 �27.6�0.6
5 14 -- MeOH ACHTUNGTRENNUNG(1.5�0.2)Q102 �12.3�0.3


[a] Dilution method monitored by UV spectroscopy at 25 8C. [b]Extrapolated value (see Supporting Informa-
tion, part 2 for details).
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mation, part 3) on the basis of the atom charges, interatomic
distances and the dielectric constant of the solvent. The esti-
mated value Ee=�28.7 kJmol�1 is in good agreement with
the observed D ACHTUNGTRENNUNG(DG8). It also is in a reasonable agreement
with the recent findings on the electrostatic interaction in a
molecular system comprising a quadruply positively charged
ring component and a doubly positively charged axle com-
ponent.[12] The electrostatic repulsion interaction energy in
that case was +37.7 kJmol�1.
Association of the viologen 5 with the non-macrocyclic


carboxylate 14 (Table 1) was also studied in neat methanol.
As expected, the association (Ka=1.5Q102 dm3mol�1) is sig-
nificantly weaker than that of the preorganised macrocyclic
doubly-charged crown ethers 3 and 4. It is concluded, there-
fore, that multiple electrostatic interactions as well as com-
plementary dimensions of anionic crown ethers and violo-
gens lead to the strong association of viologens with anionic
crown ethers.
Interestingly, the association constant between the violo-


gen bromide 5 and the carboxylate crown ether 3 is 4.6
times higher in acetonitrile (Table 1, Ka=3.6Q
106 dm3mol�1) than in methanol (Ka=7.8Q105 dm3mol�1).
This difference can reasonably be explained by a higher
degree of solvation for the carboxylate anions in methanol
when compared to acetonitrile.[11] The association constant
in neat acetonitrile is 3.3 times higher when using hexafluor-
ophosphate 6 (Table 1, Ka=1.2Q107 dm3mol�1) compared to
the bromide 5. As shown in the Supporting Information
(part 4), this effect can be explained by a possible difference
in the ionic strength created by the coformed tetramethyl-
ammonium salt Alk4NX (cf. Scheme 4).
It can be concluded that the viologen cations as guests


thread anionic crown ethers and form stable [2]pseudoro-
taxane salts. The association constants of [2]pseudorotaxane
salts in non-aqueous solvents exceed 107 dm3mol�1. The as-
sociation of the highly polar [2]pseudorotaxane salts de-
creases in polar media and in the presence of added ions.


Electrochemistry of [2]pseudorotaxane salts : As discussed
above, the RITM function of a switchable [2]rotaxane
(Scheme 1) involves the electrochemical reduction of the vi-
ologen moiety V1 followed by the shuttling of the macrocy-


clic component C to V2. Earlier, it has been demonstrated
that the complexation of crown ethers with viologens shifts
the peak reduction potentials Ep of the viologen to more
negative values.[3b,4b,7b] It can be expected that due to strong
electrostatic interactions, the negative electrochemical shifts
in [2]pseudorotaxane salts will be far more pronounced than
in [2]pseudorotaxanes incorporating neutral crown ethers.
The cyclic voltammograms of the viologen hexafluorphos-


phate 6, in the absence and in the presence of carboxylate
crown ether 3, were recorded in acetonitrile containing
Et4NPF6 as supporting electrolyte (Figure 5). As expected,
the peak reduction potentials of the viologen moiety in the
resulting [2]pseudorotaxane salt 15 are significantly shifted
towards more negative values both for the first and second
reduction stages (Table 2). It can be noted, that while the
negative shifts observed for [2]pseudorotaxane salts reach
exceptional values, up to �235 mV, no shift is observed for
the first stage of the reverse oxidation process (Table 2).


Figure 5. Cyclic voltammograms of viologen 6 (2.0Q10�3 moldm�3) and
[2]pseudorotaxane salt 15 (2.0Q10�3 moldm�3) recorded at 100 mVs�1 in
acetonitrile containing Et4NPF6 (0.010 moldm


�3) at 25 8C.


Table 2. Peak reduction and oxidation potentials[a] of [2]rotaxane and [2]pseudorotaxane salts.[b]


Viologen Host Complex V2+/V+C [V] V+ C/VCC [V] VCC/V+ C [V] V+ C/V2+ [V]


6 – – �0.839 �1.305 �1.126 �0.667
6 14 – �0.853 �1.347 �1.098 �0.634
6 3 15 �1.073 �1.484 �1.124 �0.770
6 4 16 �1.122 �1.466 �1.123 �0.735
8 – – �1.252 �1.510 �1.266 �1.049
8 3 17 �1.443 �1.686 �1.261 �1.168
20 – – �0.676 �1.008 �0.910 �0.550
20 11 21 �0.846 �1.208 �0.913 �0.656
20 3 22 �1.128 �1.440 �1.058 �0.721
20 syn-4 24 �0.894 �1.339 �1.010 �0.797
20 anti-4 23 �0.979 �1.324 �1.097 �0.782


[a] Values have been extracted numerically; accuracy not poorer than 10 mV. [b]Concentration 2.0Q10�3 moldm�3 in acetonitrile containing supporting
electrolyte Et4NPF6 (0.010 moldm


�3); scan rate 100 mVs�1; 25 8C.
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The above findings can be interpreted in terms of reduc-
tion and dissociation of the [2]pseudorotaxane salt 15 as
shown in Scheme 5. The large negative shifts of reduction


potentials Ered1 and Ered2 clearly demonstrate strong electro-
static interaction of the components in the [2]pseudoro-
taxane salt 15 in its parent oxidised state and in the first re-
duced state 15�. However, full reduction of the viologen
moiety leads to dissociation of the electroneutral thread 5(0)


and the carboxylate 3. Consequently, the first oxidation po-
tential of the system Eox1 is not shifted.
The cyclic voltammograms of 3,3’-dimethylviologen 8 in


the absence and in the presence of the carboxylate 3 were
also recorded under the above conditions. Similarly to the
viologen 6 and the corresponding [2]pseudorotaxane salt 15,
the peak reduction potentials of the viologen moiety of
[2]pseudorotaxane salt 17 are significantly shifted towards
more negative values both for the first and second reduction
stages (Table 2). It is noted, however, that due to the steric
hindrance, the electrostatic interaction in 17 is weaker and
the negative shifts observed (�190 and �175 mV upon first
and second reduction, respectively) for 17 are smaller than
those observed for the [2]pseudorotaxane salt 15.
By comparison, cyclic voltammograms of the viologen 6


in the absence and in the presence of the carboxylate 14
were recorded under the above conditions. It was found that
the first and second peak reduction potentials of the violo-
gen moiety were shifted towards more negative values by 14
and 43 mV (Table 2) and the respective peak oxidation po-
tentials were shifted towards more positive values by 30 mV.
As the resulting average potentials were virtually unaffect-
ed, it was reasoned that the electrostatic interaction of the
viologen moiety with the acyclic carboxylate 4 was insuffi-
cient to maintain stable molecular associates.
Finally, it can be concluded that viologens and negatively


charged p-phenylene crown ethers form very stable [2]pseu-
dorotaxane salts in solution and in the solid state. These
complexes retain the threaded geometry of the [2]pseudoro-
taxanes formed by neutral crown ethers. Electrostatic non-
covalent interaction in these complexes is one of the stron-
gest (up to 40 kJmol�1) among known intermolecular inter-
actions in solution. The stability of the [2]pseudorotaxane
salts is upheld by the cooperative electrostatic attraction
and preorganised geometry of the host and guest.
The above findings are valuable for the design of novel


[2]ionorotaxanes. For example, on the basis of [2]rotaxane
salt stability constants for the viologens 5 and 7 it can be
reasonably expected that in a switchable [2]rotaxane salt


(Scheme 1), incorporating two viologen stations V1 and V2,
the anionic crown ether will be localised predominantly at
the “strong” viologen station V1.


[2]Rotaxane salts : The [2]ro-
taxane salts were prepared by
using an efficient three-compo-
nent self-assembly reaction
under high concentration condi-
tions as shown in Scheme 6.[3a]


Typically, the monocation pre-


cursor 18, the crown ether and the stopper component 19
were dissolved in a minimum amount of an aromatic solvent
(benzonitrile, chlorobenzene) and were left at ambient con-
ditions until the reaction is complete. Usually, the viologen
axle component, 20, was formed as a side product.[5d]


Scheme 5. Electrochemical reduction and dissociation of [2]pseudorotaxane salt 15.


Scheme 6. Synthesis of [2]rotaxane 21 and its conversion into [2]rotaxane
salt 22. Reaction conditions (room temperature): i) PhCl/PhCN, 10 d,
yield of 21: 50%; ii) sodium bicarbonate, water/nitromethane, 1 min,
83%.
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The carboxylic diacid [2]rotaxane 21 was prepared from
the macrocyclic acid 11 in a mixture of benzonitrile/chloro-
benzene as the solvent (Scheme 6). The [2]rotaxane 21 was
obtained in reasonably good yield (50%) which was limited
by the solubility of the acid 11 in the reaction media.
In the proton NMR spectrum of 21 (Figure 6), the reso-


nances of the methylene protons Ha and Hb (Scheme 6) are
represented by two doublets at d=5.96 and 6.12 ppm, re-


spectively, with a proton–proton coupling constant of J=


14 Hz. This interesting behaviour can be explained by the
cycloenantiomerism[13] of the [2]rotaxane 21. Indeed, al-
though the individual components of 21 (the dumbbell-
shaped 20 and the crown ether 11) are not chiral, no symme-
try element is present when 20 and 11 are interlocked form-
ing chiral [2]rotaxane 21. The [2]rotaxane 21 can be depro-
tonated by sodium bicarbonate and the neutral [2]ionoro-
taxane 22 can be extracted into nitromethane. Individual 22
is a deep-red glassy solid which, when dissolved, can be
easily converted back into 21 by treatment with HPF6.


[14]


The proton NMR spectra reveal striking differences be-
tween acidic the form of 21 and its conjugated base [2]ro-
taxane salt 22 (Figure 6). In the proton NMR spectrum of
22 all signals of the viologen moiety, the crown ether aro-
matic rings and the benzylic protons are significantly broad-
ened. However, the original spectrum of acid 21 can be fully
restored simply by addition of HPF6.
The electrochemical behaviour of [2]rotaxanes 21 and 22


provides important insights in relation to the nature and
strength of the intercomponent interactions in these inter-
locked molecules. The cyclic voltammograms of axle compo-
nent 20, [2]rotaxanes 21 and [2]rotaxane salt 22 in acetoni-
trile containing tetra ACHTUNGTRENNUNG(n-butyl)ammonium perchlorate
(TBAP) are shown in Figure 7; the electrochemical peak po-
tential data are given in Table 2.


The peak reduction potentials of the [2]rotaxane 21, in
comparison to the axle component 20, are shifted to more
negative values by 170–200 mV. In the [2]rotaxane salt 22,
the intercomponent interaction leads to a very significant
peak shifts up to �450 mV. The latter figure is considerably
greater than the expected electrochemical shift estimated on
the basis of the electrostatic interaction in analogous
[2]pseudorotaxane salt 15 (see the Supporting Information,
part 5). This discrepancy is, possibly, caused by a different
spatial position of the carboxylate groups in 22, permitting
closer contacts with the positively charged nitrogen atoms of
the viologen moiety.
Neutral sulphonate [2]rotaxane salts 23 and 24 were pre-


pared (Scheme 7) by using a mixture of syn- and anti- iso-
mers of the crown ether 4. Each of the isomeric [2]rotaxane
salts is formed in 50% yield due to the presence of equal
amounts of the syn- and the anti- isomers of the salt 4 in the
mixture. Unexpectedly, unlike the starting 4, the [2]rotaxane
salts 23 and 24 can be separated by column chromatography.
Any protonation effects have not been noticed for isomeric
sulphonate [2]rotaxane salts 23 and 24. Consequently, the
application of sulphonate anionic crown ethers and sulpho-
nate [2]rotaxane salts is considered to be more promising in
a wider range of solvents and under a wider range of condi-
tions.
Detailed examination of the 1H NMR spectra of the two


diastereomeric [2]rotaxane salts 23 and 24 (Figure 8) reveals


Figure 6. Partial 1H NMR spectra of [2]rotaxanes 21 and 22 in acetone at
25 8C.


Figure 7. Cyclic voltammograms of 20 (2Q10�3 moldm�3), [2]rotaxane 21
(2Q10�3 moldm�3) and [2]rotaxane salt 22 (2Q10�3 moldm�3) recorded at
100 mVs�1 in dry acetonitrile containing TBAP (0.010 moldm�3) at 25 8C.
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that only in one of them, the N-benzylic methylene protons
Ha and Hb are diastereotopic due to cycloenantiomerism
(proton–proton coupling constant JH-H=14 Hz). This is in
full agreement with the structure of the anti-isomer 23
(Scheme 7) in which the protons Ha and Hb are non-equiva-
lent.[13] As the 1H NMR spectrum of the [2]rotaxane salt 24
demonstrates no non-equivalence of the benzylic proton res-
onances, it is concluded that in 24 the sulphonate groups are
syn- to each other.
The different symmetry characteristics of the two isomeric


[2]rotaxane salts 23 and 24 control their chemical behaviour.
For example, the reason that 23 and 24 can be separated by


column chromatography is that the [2]rotaxane salt 23 is the
one which can be eluted with neat acetone while [2]rotaxane
salt 24 (its symmetrical configuration is analogous to a
meso-form) behaves as a very polar compound and cannot
be eluted with neat acetone. Apparently, anti-orientation of
the sulphonate groups in 23 allows a better electrostatic
shielding of the positively charged viologen moiety of 23. It
is believed that the [2]rotaxane salt 24, unlike 23, cannot
adopt a conformation in which both positive charges of the
viologen moiety are shielded by anionic groups and, conse-
quently, it behaves like a more-polar compound.
The electrochemical characterisation of the two isomeric


[2]rotaxane salts 23 and 24 provided additional insights into
the nature and strength of the intercomponent interactions
in these interlocked systems. The cyclic voltammograms of
axle dumbbell-shaped component 20 and the two isomeric
[2]rotaxane salts 23 and 24 in acetonitrile containing TBAP
appear as Figure 9. The respective electrochemical peak po-


tentials are given in Table 2. The key observation is that
both [2]rotaxane salts 23 and 24 demonstrate large negative
shifts of the first and second reduction processes (Table 2).
This observation is in full agreement with strong electrostat-
ic intercomponent interaction in [2]ionorotaxanes. As dis-
cussed above, the less-polar anti-isomer 23 has a more effec-


Scheme 7. Synthesis of [2]rotaxane salts 23 and 24. Reaction conditions:
i) room temperature, benzonitrile, 6 d.


Figure 8. Partial 1H NMR spectra of the [2]rotaxane salts 23 and 24 in
acetone.


Figure 9. Cyclic voltammograms of 20, 23 and 24 (each 2.0Q
10�3 moldm�3) recorded at 100 mVs�1 in acetonitrile containing TBAP
(0.010 moldm�3) at 25 8C.
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tive shielding of the positively charged viologen dication.
Consequently, the first electrochemical reduction peak of
the viologen moiety in this rotaxane is shifted by �303 mV.
In the more-polar 24, the same viologen dication is shielded
by the negatively charged syn-isomer of 4 to a lesser extent.
Consequently, the first electrochemical reduction peak in
the [2]rotaxane salt 24 is shifted by only �218 mV.
Apart from [2]pseudorotaxane salts (vide supra), in which


the first oxidation potentials were not shifted due to dissoci-
ation of the reduced species (Scheme 5), the first oxidation
potential shifts were observed for both [2]rotaxane salts 23
and 24 (Table 2). As the charged crown ether is secured at
the viologen moiety by the bulky stopper groups, the disso-
ciation of the reduced [2]rotaxane salt is precluded. There-
fore, the viologen moiety of an [2]rotaxane salt (for exam-
ple, 23) experiences the electrostatic effect of the negatively
charged ring component even in the fully reduced state,
232� ; consequently, even the first oxidation potential of this
viologen is negatively shifted. A similar, although weaker,
effect has been previously observed for a common [2]ro-
taxane containing the neutral crown ether 1.[5d]


It can be concluded that novel [2]rotaxane salts represent
an important new class of artificial molecular systems in
which the components are not only mechanically interlocked
but are also strongly electrostatically attached. Intramolecu-
lar electrostatic interactions in [2]rotaxane salts can be con-
trolled by applying external electrical or chemical stimuli.
This opens possibilities for the design of controlled reversi-
ble molecular switching systems driven by electrostatic at-
traction forces.


Conclusion


Electrically neutral [2]pseudorotaxane and [2]rotaxane salts
have been prepared and characterised for the first time. In
these systems, doubly positively charged viologen cations
thread doubly negatively charged crown ethers. Due to the
strong electrostatic attraction between the host and guest
components there are several aspects in which the behaviour
of [2]pseudorotaxane salts and [2]rotaxane salts differs from
previously known [2]rotaxane systems:


1) [2]Pseudorotaxane salts are remarkably stable. Due to
strong non-covalent electrostatic interactions between
their components, the association free energy in neat or-
ganic solvents reaches �40 kJmol�1 (extrapolated value).


2) The electrostatic interactions between mechanically in-
terlocked components of the [2]pseudorotaxane salts and
[2]rotaxane salts lead to extraordinarily big negative
shifts of their electrochemical reduction potentials.


3) Anionic carboxylate groups of [2]rotaxane salts can be
reversibly protonated. However, no protonation effects
have been observed for an analogous sulphonate [2]ro-
taxane salt under the same conditions. Therefore, sulpho-
nate [2]rotaxane salts maintain their internal charges in a
wider range of acidity of the media.


4) [2]Rotaxane salts with anti-orientation of the functional
groups at the crown ether moiety are cycloenantiomeric
unlike their individual interlocked components. It was
found that electrochemical behaviour and polarity of the
diastereomeric [2]rotaxane salts depend significantly on
the orientation of the functional groups.


The use of controlled intramolecular electrostatic interac-
tions already helps to narrow the gap between actual and
desirable parameters of functional molecular entities.[1,6] Al-
though the synthesis of interlocked molecular systems has
become a routine among modern chemists, little has been
done to redesign the existing [2]rotaxanes and modify them
with ionic groups to fully realise their development potential
for molecular electronics and nanoscience. The findings of
the present study of prototype rotaxane salts indicates that
the enhanced stability and electrochemical behaviour of
these systems can be useful for a range of exciting potential
applications.


Experimental Section


Details on the experimental procedures, calculations, measurements and
characterization of the compounds are given in the Supporting Informa-
tion, parts 1–7. CCDC-633834 and -633836 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


Interlocked molecules, such as rotaxanes and catenanes,
have been intensively studied owing to a large number of
potential applications in molecular electronic devices.[1] In
particular, these systems may exist in several diastereoiso-
meric structural forms,[2] which are usually referred to as
translational isomers or co-conformations.[3] Application of
an external stimulus, such as a change in pH,[4] a change of
electric potential[5] or photochemical excitation,[6] can induce
interconversion of the co-conformations of the rotaxanes or
catenanes by shuttling or circumrotational motions of the
components of the systems, respectively.[1,5,7] Hence, these


molecules may function as controllable molecular-level
switches or mechanical devices.


Electrochemical and photochemical switching of bistable
[2]rotaxanes has been known for more than a decade.[5,6,8] In
general, [2]rotaxanes comprise a dumbbell-shaped compo-
nent (hereafter referred to as an axle), which can include
one or more recognition sites (stations) and a ring compo-
nent. A representation of a simple viologen-based [2]ro-
taxane that contains only one electron-deficient, electro-
chemically active viologen station and one electron-rich
crown ether ring is shown in Figure 1. In such redox-active
molecules the position of the crown ether along the axle is
thought to be predominantly determined by the electro-
chemical states of the stations.[5] Therefore, a change in the


Abstract: This paper reports a novel
methodology for the conformational
analysis of [2]rotaxanes. It combines
NMR spectroscopic (COSY, NOESY
and the recently reported paramagnetic
line-broadening and suppression tech-
nique) and electrochemical techniques
to enable a quantitative analysis of the
co-conformations of interlocked mole-
cules and the conformations of their
components. This methodology was
used to study a model [2]rotaxane in
solution. This [2]rotaxane consists of
an axle that incorporates an electron-
poor, doubly positively charged violo-


gen that threads an electron-rich crown
ether. It has been shown that the axle
of the [2]rotaxane in its dicationic state
adopts a folded conformation in solu-
tion and the crown ether is localised at
the viologen moiety. Following a one-
electron reduction of viologen, the par-
amagnetic radical cation of the [2]ro-
taxane retains its folded conformation


in solution. The data also demonstrate
that in the radical cation the crown
ether remains localised at the viologen,
despite its reduced affinity for the
singly reduced viologen. The combined
quantitative NMR spectroscopic and
electrochemical characterisation of the
electromechanical function of the
model [2]rotaxane in solution provides
an important reference point for the
study of switching in structurally relat-
ed bistable [2]rotaxanes, which is the
subject of the second part of this work.
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electrochemical state of these stations may induce an inter-
conversion between the co-conformations of the molecule.
However, despite great progress in the studies of the inter-
conversion process in rotaxanes and catenanes,[1,3, 5,7,9] rela-
tively little is known about the conformations of the individ-
ual components of the system in various oxidation states;
this particularly relates to paramagnetic states for which the
application of NMR spectroscopy is usually problematic.[3b]


The lack of full understanding of these interlocked molecu-
lar systems hinders the progress in developing their applica-
tions because their function often relies on the components
being in a particular conformation. It is clear that there is a
need for a general approach for the determination of the co-
conformations and conformations in various oxidation states
and to understand the relationship between conformation
and function.


For example, in a recent paper we described the self-as-
sembly and electrochemical switching of a heterosupramo-
lecular system that consisted of a tripodal bistable [2]ro-
taxane adsorbed at the surface of a titanium dioxide nano-
particle.[10] Our findings appeared to suggest that electron
transfer and shuttling were accompanied by significant con-
formational changes of the components, which included
folding of the axle. The study also raised important ques-
tions regarding the strength of the interactions between the
crown ether and viologen stations in different oxidation
states. On one hand, it showed that there was still a measur-
able interaction between them after the first, and even the
second, electron reduction of the viologen moiety. On the
other hand, we later found that a [2]pseudorotaxane that
consisted of a similar viologen moiety dissociated after the
first electron reduction, which indicated a very weak interac-
tion in the reduced state.[11] Such seemingly inconsistent re-
sults provide further arguments for a more rigorous ap-
proach to the conformational analysis of the [2]rotaxanes in
different oxidation states.


In this paper we report a novel methodology to quantita-
tively study the diastereoisomerism and conformations of
rotaxanes in solution. To date, several NMR spectroscopy
techniques, particularly COSY and NOESY,[12] have proven
to be very useful in sensitive and non-invasive structure
characterisation of [2]rotaxanes and catenanes.[13] The NMR
spectroscopy techniques were used together with cyclic vol-
tammetry (CV),[1c] mass spectrometry[13e] or continuous-
wave EPR spectroscopy.[7g] 2D-IR spectroscopy was used to
observe the changes in the co-conformations on a picosec-
ond timescale.[7h] Although application of NMR spectrosco-
py to paramagnetic species (such as a singly reduced violo-
gen-based rotaxane) is limited, it has recently been demon-
strated that important structural information may be ob-
tained by a quantitative analysis of paramagnetic line-broad-
ening and suppression (PASSY) in [2]rotaxanes.[11] Herein,
we combine the results of NOESY data with PASSY, elec-
trochemical and reference crystallographic data. The com-
bined results are compared by using the concept of effective
distances with a number of hypothetical diastereoisomers
obtained by molecular mechanics modelling with different


spatial constraints. This procedure enabled us to identify the
structure that most closely matches the experimental data.


The application of the NOE technique relies on the abili-
ty to resolve and assign the relevant resonances in the NMR
spectrum. This assignment proved to be very difficult for the
bistable [2]rotaxane system described earlier.[10] The spec-
trum of that system also contains a number of peaks that
are irrelevant for the conformational analysis of [2]ro-
taxanes. For these reasons and for clarity, herein the meth-
odology is applied to a less complicated model redox-active
[2]rotaxane (Figure 1). The [2]rotaxane consists of an axle
that incorporates a single electron-poor viologen station and
threads an electron-rich crown ether. It was envisaged that
such a design would retain the basic interaction between the
components of analogous bistable [2]rotaxanes and signifi-
cantly simplify the structure to permit unambiguous full as-
signment of all of the signals observed in the NMR spectra
in the aromatic and aliphatic regions. It is important that
such a simplification does not compromise the ability to
study the role of folding of the flexible chain in the axle in
detail and to study the interaction between the viologen sta-
tion and the crown ether.


Accordingly, the conformation of the model [2]rotaxane
(8·2PF6) in its parent dication state and single-electron re-
duced state (8C·2PF6) was quantitatively characterised in so-
lution by using NOE and PASSY NMR spectroscopy tech-
niques. The results were supplemented by the electrochemi-
cal characterisation of 8·2PF6 and also by the molecular me-
chanics modelling of its two hypothetical diastereoisomers.
The reported findings support the notion that the electrome-
chanical function of the redox-active model [2]rotaxane de-
pends not only on the affinities of the components of the in-
terlocked molecule for each other in different oxidation
states, but also on the conformations of the components.


This paper describes the synthesis of 8·2PF6, the confor-
mational analysis of the dication state of 8·2PF6 in solution,
followed by the conformational analysis of the singly re-
duced [2]rotaxane 8C·PF6 and a discussion of the electro-
chemical data. Details of the assignment of NMR spectra
are given in the Supporting Information.


Further investigations of switching in two-station [2]ro-
taxanes by using the methodology presented herein are re-
ported in detail in the second part of this work.[11b]


Results and Discussion


Synthesis of the model [2]rotaxane : Model [2]rotaxane
8·2PF6 (Scheme 1) has been designed so that the first bulky
stopper group (SA) is rigidly attached to the viologen moiety
(V) at one of the nitrogen atoms. The other nitrogen of V is
connected through a flexible polyether linker chain to the
second bulky stopper (SB). These stoppers ensure that the
molecular axle 9·2PF6 remains interlocked with crown ether
7.


The synthesis of the SA–V component of 5·PF6 is shown in
Scheme 2. Initially, tris-(4-tert-butylphenyl)methanol (2) was
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prepared from 1-bromo-4-tert-
butylbenzene (1) and diethyl
carbonate in a yield of 56%.
Alcohol 2 was converted into
the corresponding aniline (3)
by using a previously reported
procedure,[14a] which involved
an electrophilic aromatic sub-
stitution in acetic acid with an
excess of aniline hydrochloride
as the substrate. Chloride 5·Cl
was obtained by the nucleo-
philic reaction of 3 with 1-(2,4-
dinitrophenyl)-4,4’-bipyridini-
um chloride (4·Cl).[14b] Chlo-
ride 5·Cl was purified by
column chromatography and
converted into the correspond-
ing hexafluorophosphate
(5·PF6).


[14a]


Substrate 5·PF6 was alkylat-
ed with flexible stopper com-
ponent 6 in the presence of 7.
Applying our recently reported
high-concentration approach to
the synthesis of [2]rotaxanes at
room temperature and atmos-
pheric pressure,[15c] [2]rotaxane
8·2PF6 was obtained in a good
yield (56%).


Owing to the fact that our
attempts to crystallise 8·2PF6


were unsuccessful, a structural-
ly related [2]pseudorotaxane
(10·2PF6, Scheme 1) was pre-
pared and fully characterised
by X-ray crystallography.


[2]Rotaxane 8·2PF6 gave the
well-resolved 1H NMR spec-
trum shown in Figure 2. It was
possible, therefore, to make a
full and unambiguous assign-


ment of all of the proton resonances in this spectrum
(Table S1 in the Supporting Information). These assignments
were made by using standard COSY and 1D NOE data,
which are also given in the Supporting Information.


Structural NMR study of 8·2PF6 in solution : A quantitative
NOE study of 8·2PF6 was used to estimate the interatomic
distances in solution. The NOE measurements were ob-
tained from a double pulsed field gradient spin echo
(DPFGSE-NOE) experiment in deoxygenated acetonitrile
at 25 8C.


The NOE spectrum of 8·2PF6 was recorded when the
crown ether aromatic protons (H11) were irradiated at d=


6.14 (Figure S6 in the Supporting Information). All NOE
enhancements were positive, which demonstrated relatively


Scheme 1. Chemical structures 8·2PF6 and related components. The numbering corresponds to the NMR spec-
trum shown in Figure 2.


Scheme 2. Synthesis of 8·2PF6. Reagents and conditions: i) 1) BuLi; 2)
Et2CO3, 0 8C, THF, 12 h;[15] ii) PhNH3Cl, acetic acid, 100 8C, 24 h, 93%;
iii) EtOH; reflux; 24 h; 73%; iv) 7, benzonitrile, 5 d, RT, 56%.
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fast tumbling of the molecule under the conditions reported.
The intensities of the observed NOE enhancements were in-
terpreted on the basis of the assumption that the contribu-
tions of molecular motion and spin diffusion were equal for
all positions in the molecule.[12]


The calculations of interatomic distances in 8·2PF6 in so-
lution were done by using crystallographic data for [2]pseu-
dorotaxane 10·2PF6 as a reference. Specifically, the distances
between protons H11 and H10 in the crystal structure of
10·2PF6 (Figure 3) were used to obtain the reference dis-


tance (dref). This value for dref corresponds to an imaginary
experiment in which the NOE signal of H10 is measured
when the H11 protons of 10·2PF6 are irradiated. Whereas
10·2PF6 is, at first glance, much simpler than 8·2PF6, the vi-
ologen moieties in both structures are almost identical and
they incorporate the same crown ether (7). Therefore, it is
expected that the average distances between protons H11


and H10 of 7 would be similar is both cases.
Generally, using solid-state data to elucidate the structure


in solution can only be considered an approximation owing
to the crystal lattice packing and solvation effects.[16,17] In


this case, it may be expected that dref in the solid state is
slightly shorter than the distances between protons H11 and
H10 in the solution structures of both 8·2PF6 and 10·2PF6 be-
cause there is the possibility that rotation about the C�O
bonds will move the adjacent methylene groups out of the
aromatic plane.


The value of 3.20 L for dref was obtained according to
Equation (1):


dref ¼
�


1
Nref


Xnir
i


Xnref
j


d�6ij


��1=6


ð1Þ


in which nir (=8) is the number of irradiated H11 protons,
nref (=8) is the number of reference H10 protons. Hence,
Nref=nrefnir is the number of interacting irradiated–reference
pairs in the system. The values of dij are the distances be-
tween protons H11 and H10, which were obtained from the
X-ray crystallographic data of 10·2PF6.


Employing the value obtained above for dref, the effective
distances between sets of chemically equivalent protons H11


and Hx in 8·2PF6 were evaluated by using Equation (2).
Here, the effective distance (dx) denotes the average dis-
tance in terms of the NOE interaction (sixth power decay
with distance).


dx ¼ dref
�
Nref


Nx
� NOEx
NOEref


��1=6


ð2Þ


NOEx is the cross-peak volume integral for the set of equiv-
alent protons (Hx) of interest, which was extracted from the
NOE spectrum of 8·2PF6. These volumes are given in
Table S2 in the Supporting Information. Nx is the corre-
sponding number of interacting proton–proton pairs, which
is equal to nirnx in which nx is the number of Hx protons in
the analysed set. NOEref is the cross-peak volume integral
for protons H10.


[18]


Analysis of the effective proton–proton distances estimat-
ed from the NOE spectrum (Table 1) is particularly useful
for V protons H6 to H9. For instance, the effective d6 and d9
distances are almost identical (4.35 and 4.31 L, respective-
ly), which is also the case for distances d7 and d8 (3.86 and
3.85 L, respectively). These results show that 7 is localised
at V. Furthermore, these results agree well with the distan-
ces observed in the crystal structure of 10·2PF6 (Figure 3).


Interestingly, the estimated distance from protons H11 to
protons H16 in 7 (d16=4.20 L) is shorter than the distance to
the H9 protons (d9=4.31 L). This finding may be explained
in terms of the tilt of the N-benzyl aromatic ring with re-
spect to the plane of V. The tilt arises from the sp3 hybridi-
sation of the N-benzyl methylene carbon and causes the H16


protons to be lifted above the plane of V and approach the
crown ether aromatic protons. For similar reasons, the effec-
tive distance (d5=4.41 L) of the conjugated phenylene
group adjacent to the other side of V is virtually equal to
distance d6. This is probably also owing to the fact that the


Figure 2. 1H NMR of 8·2PF6 (top) and its radical cation 8C·PF6 (bottom).
Numbering is in accordance with that shown in Scheme 1.


Figure 3. The crystal structure of 10·2PF6.
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p-phenylene group is tilted with respect to the plane of the
viologen.


Whereas the above analysis allowed localisation of the
crown ether at V, the application of this approach to the
remote flexible parts of 8·2PF6


was problematic. As a result of
the sixth power decay of the
NOE interactions with dis-
tance, these interactions are
very sensitive to changes in the
conformation of the flexible
ether chain of the axle and the
stoppers. Therefore, to assist
the experimental NOE data,
two hypothetical conforma-
tions of 8·2PF6 were modelled.
They were termed folded and
stretched on account of the
conformation of the flexible
chain of the axle. This ap-
proach allowed a comparative
analysis of the effective distan-
ces dx obtained from experi-
mental NOE spectrum and ef-
fective distances calculated for
the two model structures to be
conducted.


Rotaxane 82+ (i.e., without counterions) was minimised in
vacuum by using molecular mechanics routines (MacroMo-
del 8.5 with AMBER force field) with two different con-
straints between two central quaternary carbon atoms of the
stoppers, 19 and 33 L. These minimisations produced the
folded and stretched conformations shown in Figure 4.[19]


The effective distances were then calculated by using Equa-
tion (1), which was applied to the distances in the model
structures, for both of the minimised structures by assuming
that the aromatic H11 protons of 7 were irradiated. The re-
sults are presented in Table 1.


For certain proton sets whose signal could not be detected
in the NOE spectrum, the minimum distances (dmin) were
estimated according to Equation (2), which allowed compar-
isons between all of the conformations to be made. The
noise level in the spectrum was substituted for NOEx in
these cases as an upper limit for the NOE signal. Therefore,
the dmin values obtained (shown in italics) indicate that the
Hx protons in question do not, on average, approach the H11


protons closer than dmin.
Comparison of the calculated distances (Table 1) shows


that the folded conformation is a good approximation of the
average structure of 8·2PF6 in solution. The results for the
stopper (SB) protons (H25, H26) are of particular relevance
owing to the large differences between the two conforma-
tions for distances d25 and d26.


These results allow us to conclude that SB in 8·2PF6 folds
back towards the centre of the molecule. The signals that
correspond to protons H25 and H26 were observed in the
NOE spectrum and a relatively good agreement was found
between the experimental and calculated values of distances
d25 and d26 in the folded conformation. The presence of a
signal is itself an important observation because in the case


Table 1. Effective distances [L] between protons H11 and Hx in [2]ro-
taxane 8·2PF6 for experimental and model conformations.


Hx No. Hx protons Conformations
Experimental[a] Folded Stretched


H1 27 9.55�0.60 9.22 12.22
H2 6 >8.80[b] 8.99 10.74
H3 6


6.44�0.33
8.37 9.24


H25 2–6[c] 5.30 24.20
H4 2 5.58�0.20 6.03 7.67
H5 2 4.41�0.09 4.07 5.36
H6 2 4.35�0.08 4.76 4.49
H7 2 3.86�0.05 4.28 3.90
H8 2 3.85�0.05 3.57 3.84
H9 2 4.31�0.08 4.75 4.48
H10 8 3.20�0.03 3.36 3.33
H15 2 >7.33[b] 5.85 5.99
H16 2 4.20�0.07 4.62 6.17
H17 2 4.63�0.12 5.30 8.25
H18 2 >7.33[b] 8.10 10.67
H19 2 >7.33[b] 8.79 12.23
H20 2 >7.33[b] 11.76 14.68
H21 2 >7.33[b] 12.85 16.02
H22 2 >7.33[b] 10.13 18.72
H23 2 >7.33[b] 8.92 21.12
H24 2–6[c] >7.54[b] 7.22 23.32
H26 9–27[c] 7.59�0.83 5.89 25.04


[a] Distances were calculated by using dref=3.20 L, based on X-ray data
for the crystal structure of 10·2PF6. [b] No corresponding signal was ob-
served in the NOE spectrum, the minimum distances (shown in italics)
were estimated on the basis of the noise level in the spectrum and dref
(see above). [c] Ambiguity in the number of interacting protons corre-
sponds to rotation of the C3 symmetrical stopper SB.


Figure 4. Model of the folded (top) and stretched (bottom) conformations of 8·2PF6.


Chem. Eur. J. 2008, 14, 1107 – 1116 D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1111


FULL PAPERRedox-Active [2]Rotaxanes



www.chemeurj.org





of the stretched conformation protons H25 and H26 are far
beyond the limit of the NOE interactions (24.20 and
25.04 L, respectively).


The experimental values of d25 and d26 are in fact slightly
greater than the corresponding values for the folded confor-
mation, which suggests that, on average, rotaxane 8·2PF6


adopts a more open conformation than that of the folded
one in solution. It should be noted, however, that another
effect may also contribute to the observed discrepancies.
The calculated distances between the SB protons and the H11


protons depend strongly on the internal conformation of SB.
Any changes to its conformation (including the orientation
of the terminal tert-butyl groups) induce changes in the
NOE interaction, and hence, in the calculated results. There-
fore, the discrepancy in the d26 values (8.12 vs. 5.89 L) is still
consistent with the folding of SB of the axle. For protons H25


the analysis is more complicated because the signals of the
H3 and H25 protons overlap. It is clear, nonetheless, that the
experimentally determined distance for the combined set of
H3 and H25 protons (6.64 L) corresponds well to the values
calculated separately for both sets in the folded conforma-
tion (8.37 and 5.30 L, respectively), but not for the stretched
conformation (9.24 and 24.20 L).


No signal in the NOE spectrum was observed for the
polyether flexible chain and the aromatic protons of the
axle (H18–H22), which is in agreement with the distances cal-
culated for both model conformations and the estimated de-
tection limit. Whereas these interactions may not be used to
discriminate between the folded and stretched conforma-
tions, the lack of corresponding signals in the spectrum pro-
vides an additional argument for the predominant localisa-
tion of 7 at the viologen station and against its shuttling
along the axle.


The folded conformation exhibits a tilt of 66.88 of the N-
benzyl aromatic ring with respect to the plane of viologen,
which leads to the proximity of protons H16 to the irradiated
H11 protons. The effective distance calculated for this con-
formation is comparable with the distance from the H9 viol-
ogen protons to protons H11. This result agrees well with the
experimentally determined distance d16, as discussed
above.[20]


The analysis of the results obtained for the H1 protons of
stopper SA indicates that folded stopper SB provides a steric
barrier to the movement of 7 along the axle of the rotaxane.
This folding effectively locks the crown ether at the violo-
gen. This conclusion is supported by very reasonable agree-
ment between the experimental d1 value (9.55 L) and the
distance d1 calculated for the folded conformation (9.22 L),
whereas the experimental d1 value is much shorter than that
calculated for the stretched conformation (12.22 L). In the
stretched conformation the crown ether shifts towards the
N-benzyl group because there is no steric barrier provided
by stopper SB.


A question arises about the reasons for the folding of the
flexible axle chain and stopper SB. It is possible that folding
is driven by CH–p interactions between the tert-butyl
groups of SB and the aromatic rings of the crown ether.[21]


Structure of the radical cation of 8·2PF6 in solution : Many
of the applications envisaged for redox-active [2]rotaxanes
are based on assumptions about the relationship between
the oxidation/reduction states of these molecules and their
conformations in solution or at a surface.[1,7c,9] In this con-
text, and having established the detailed conformation of
8·2PF6 in solution, we have also investigated the detailed
conformation in the singly reduced state when the inter-
locked molecule accepts an electron to form 8C·PF6.


The application of NMR spectroscopy to paramagnetic
species is, generally speaking, problematic.[22–25] However,
1H NMR spectroscopy has recently been used to structurally
characterise the radical cation states of a series of viologens
and [2]rotaxanes.[11, 26] It was demonstrated that an analysis
of spin relaxation paramagnetic enhancement can be used
to reveal the position of the crown ether in [2]rotaxanes and
to elucidate the conformation of the axle.[11]


Following a single-electron reduction of 8·2PF6 by zinc in
acetonitrile, the 1H NMR spectrum of the corresponding
radical cation was recorded at 25 8C (Figure 2). It was found
that in the NMR spectrum of 8C·PF6, all of the peaks belong-
ing to the viologen moiety (H6, H7, H8, H9) and to adjacent
positions (H15, H16, H17, H5, H4, H3) were no longer ob-
served. The corresponding paramagnetic suppression zone
(PSZ), surmised from these data, is represented in Figure 5
as a blue ellipsoid. However, the characteristic resonance of
the aromatic protons of 7 at d=6.14 (H11) is observed in the
NMR spectrum of 8C·PF6 and is not shifted.


To determine the detailed conformation of 8C·PF6 in solu-
tion, the relaxation times (T1) and relaxation rates (R1) for
all of the protons were measured as described in detail else-
where.[11,23] Then, the values for electron–proton paramag-
netic relaxation enhancement (PRE, Re


1) were calculated on
the basis of T1 and R1 for 8·2PF6 and 8C·PF6 (Table 2).[11]


The values of Re
1 do not provide, however, convenient


means of analysing the conformation of 8C·PF6. They also do


Figure 5. A possible representation of paramagnetic suppression zone in
the [2]rotaxane 8C·PF6.
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not allow a straightforward comparison with the structure of
8·2PF6, which was expressed in terms of effective distances,
to be made. Therefore, the concept of effective distances
was extended for PRE data. In this case, the effective dis-
tances were calculated between all Hx proton groups and
the centre of the PSZ (see Figure 5) arbitrarily located at
the 4-position of the viologen pyridine ring adjacent to stop-
per SA. This asymmetric location was chosen to account for
the possible conjugation of SA with the viologen aromatic
system and the respective delocalisation of the unpaired
electron.


The effective distance from the centre of the PSZ to the
H1 protons for the folded conformation of 8·2PF6 was calcu-
lated by using Equation (1) and was used as deref (Figure 5).
The choice of the H1 protons was based on the assumption
that their position and respective distance do not change
during reduction. The dex values between the centre of the
PSZ and proton groups Hx were then calculated by using
Equation (4), which assumes a sixth power decay of Re


1 with
respect to the distance away from the centre of the PSZ.
The results are given in Table 2. It is important to stress,
however, that owing to delocalisation of the unpaired elec-
tron and strong spin diffusion in the vicinity of the viologen
moiety, these results have to be treated carefully.


dex ¼ deref
�
PREref


PREx


�1=6


ð4Þ


An analysis of the dex values, which were estimated from
the PRE data, revealed that the ether chain of SB is folded
in the reduced state of the [2]rotaxane (8C·PF6). Specifically,
the distances between the centre of the PSZ and protons
H25 and H26 (de=11.11 and 10.97 L, respectively) are in
good agreement with the corresponding distances calculated
for the folded conformation. It is concluded that the confor-
mation of SB in 8C·PF6 in acetonitrile is similar to that of the
parent dication form (8·2PF6), that is, folded.


The distances between protons H10 to H13 in 7 and the
centre of the PSZ are relatively short (de�6.2 L) and gener-
ally in agreement with the range of values expected for the
model folded conformation and the crystal structure of
10·2PF6.


[27]


It is, therefore, concluded that in 8C·PF6 the flexible poly-
ether chain attached to SB remains in the folded conforma-
tion and that 7 remains localised at V. The latter is an im-
portant observation because there are three viable possibili-
ties for the state of 7 after the reduction step: 1) it remains
at V, 2) it travels without restraint along the axle or 3) it
moves to the flexible polyether chain of the axle. The viabil-
ity of the second option is based on a weakening of the elec-
trostatic interaction between positively charged V and elec-
tron-rich 7 and a previously observed decomplexation of a
[2]pseudorotaxane that contains a similar viologen moiety
after single-electron reduction.[11] The third option is based
on a possible affinity of 7 for polyether chain units.[28] The
results presented herein indicate that the interactions of 7
with V remain relatively strong in the singly reduced state
and underline the crucial role of the folding of the polyether
chain of the axle, which locks 7 into position.


Electrochemical study of the supramolecular function : As
the reduction potential of 8·2PF6 is the measure of how
readily viologen accepts an electron, the value of the reduc-
tion potential is sensitive to the presence and the location of
7 in this [2]rotaxane. It has previously been demonstrated
that the complexation of 7 with V shifts the reduction po-
tential (E) of that moiety to more negative values.[5,10,14a]


Therefore, the supramolecular electromechanical function of
8·2PF6 depends on the location of 7 and the ability of this
[2]rotaxane to adopt various conformations in different oxi-
dation states.


As shown above, the detailed conformational study of
8·2PF6 in its two oxidation states (V2+ and V+) reveals that
the position of 7 and the conformation of SB remain very
similar upon reduction. Because it is feasible to electro-
chemically study 8·2PF6 in various oxidation states, a com-
parative cyclic voltammetry study of 8·2PF6 and 9·2PF6 was
undertaken.


CV measurements were carried out at a scan rate of
100 mVs�1 by using a 0.1 moldm�3 solution of tetrabutylam-
monium perchlorate as an electrolyte and non-aqueous Ag/
AgNO3 as the reference electrode. The voltammograms re-


Table 2. Relaxation times, rates and estimated effective distances in
[2]rotaxane 8·2PF6.


Hx Dication
T1 [s]


Dication
R1 [s


�1]
Radical
cation
T1 [s]


Radical
cation R1


ACHTUNGTRENNUNG[s�1]


PRE
ACHTUNGTRENNUNG[s�1]


dex dx
[f]


H1 1.8 0.56 0.36 2.8 2 12.1�1.3 12.1
H2 1.35 0.74 –[a] –[b] –[c] <5.6[d,e] 10.5
H3 1.2 0.81 –[a] –[b] –[c] <5.6[d,e] 9.1
H4 0.94 1.1 –[a] –[b] –[c] <5.6[d,e] 7.2
H5 0.94 1.1 –[a] –[b] –[c] <5.6[d] 4.9
H6 0.87 1.15 –[a] –[b] –[c] <5.6[d] 3.4
H7 0.87 1.15 –[a] –[b] –[c] <5.6[d] 2.2
H8 0.87 1.15 –[a] –[b] –[c] <5.6[d] 2.8
H9 0.87 1.15 –[a] –[b] –[c] <5.6[d] 4.7
H10 0.43 2.3 0.0080 125 123 6.2�0.7 5.3
H11 1.1 0.93 0.0080 125 124 6.2�0.7 4.2
H12 0.43 2.3 0.0080 125 123 6.2�0.7 4.4
H13 0.43 2.3 0.0080 125 123 6.2�0.7 6.2
H14 0.43 2.3 0.080 12.5 10 9.4�1.0 7.0
H15 0.36 2.8 –[a] –[b] –[c] <5.6[d] 6.3
H16 1.1 0.93 –[a] –[b] –[c] <5.6[d] 6.4
H17 1.2 0.81 –[a] –[b] –[c] <5.6[d,e] 8.2
H18 0.58 1.7 0.080 12.5 11 9.3�1.0 11.0
H19 0.65 1.5 0.22 4.5 3 11.5�1.4 11.1
H20 0.65 1.5 0.22 4.5 3 11.5�1.4 13.6
H21 0.58 1.7 0.22 4.5 3 11.6�1.5 14.6
H22 1.2 0.81 0.22 4.5 4 11.1�1.2 12.1
H23 1.2 0.81 0.29 3.5 3 11.7�1.3 11.4
H24 1.2 0.81 0.29 3.5 3 11.7�1.3 10.7
H25 1.2 0.81 0.22 4.5 4 11.1�1.2 9.7
H26 1.9 0.53 0.22 4.5 4 11.0�1.2 9.9


[a] T1 is below 2.5O10�3 s. [b] Expected R1 is above 4.0O102 s�1. [c] Very
high PRE value. [d] Based on R1>4O102 s�1 and by using Equation (4).
[e] Discrepancy is caused by a high PRE owing to spin-diffusion within
the aromatic system [f] Distances between the centre of the PSZ and Hx,
in folded diastereomer (Figure 4a) by using Equation (1).
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corded are shown in Figure 6 and the respective peak poten-
tials (Epeak) are given in Table 3.


The negative shifts found for the two reduction and two
oxidation peaks Epeak in 8·2PF6 mark a significant intercom-
ponent interaction within 8·2PF6 in its various oxidation
states. More specifically, it can be concluded that in both ox-
idation states (V2+ and V+) 7 is localised on the viologen
moiety. Interestingly, a negative shift in the first oxidation
peak V0!V+ (Figure 6) shows that even in the fully re-
duced state of V0, it is possible that 7 remains localised at
the viologen moiety. These findings are in full agreement
with the structural interpretation of the NOE, PASSY and
the T1 relaxometry measurements as well as with earlier re-
ported findings for similar tripodal [2]rotaxanes on surfa-
ces.[10]


Conclusion


The methodology presented herein allowed us to character-
ise diastereoisomerism and conformations of the model ro-
taxane 8·2PF6 in solution. It was demonstrated that 7 is lo-
calised at V in 8·2PF6 and the flexible stopper group is
folded back to the centre of the molecule. In the singly re-
duced state of 8C·PF6, the position of 7 does not significantly
change and the interaction with the viologen moiety is not
completely inhibited. Additionally, the folding of SB, which
is possibly driven by CH–p interactions, provides further
stabilisation of 7 at V in 8C·PF6.


It can be concluded that the technique presented is a
useful tool to study structure and conformations of inter-
locked systems in both diamagnetic and paramagnetic states.
The conformational factors can significantly influence ex-
pected electrochemical and electromechanical function of
interlocked molecules.


The reported methodology provides a level of insight that
is arguably unnecessary to fully analyse the simple model
[2]rotaxane 8·2PF6. It was, nevertheless, presented in its en-
tirety to demonstrate the capabilities of the methodology,
but also to provide an important reference point for the
study of switchable [2]rotaxanes in solution, and possibly, at
the surface. In this context, the structural studies of more
complex bistable [2]rotaxanes by using the above approach
are reported in Part 2 of this paper.


Experimental Section


NMR spectra were recorded by using a Varian Inova 300 or a Varian
Inova 500 spectrometer in acetonitrile at 25 8C. For the PASSY measure-
ments, solutions (10�2 moldm�3) were deoxygenated in the NMR tube
(Wilmad 535 PP-8 equipped with a rubber septum Z124338) by two suc-
cessive freeze–pump–thaw cycles. Zinc filings (10 mg) were then added
and the solutions deoxygenated by a further two successive freeze–
pump–thaw cycles. Finally, the above samples were sonicated for 5 min
under nitrogen and NMR spectra of the resulting deeply coloured solu-
tions of the radical cation were recorded.


T1 relaxation times were measured by using the inversion recovery
method on a Varian Inova 500 spectrometer at 25 8C.[23,24] The samples
were irradiated by using the following sequence, D1=8 s and P1=1808,
D2 in the range 10�5 to 2 s and P2=908.


Mass spectra were recorded by using a Finnigan Mat INCOS 50 quadru-
pole mass spectrometer. CVs were recorded by using a Solartron SI 1287
potentiostat controlled by a Labview program running on a Macintosh
Power PC at a scan rate of 100 mVs�1. All CVs were recorded under the
following conditions: The working electrode was an isolated platinum
wire. The counter electrode was an isolated platinum foil. The reference
electrode was a non-aqueous Ag/Ag+ electrode with a fill solution that
consisted of AgNO3 (0.010 moldm�3) in the electrolyte solution. The
electrolyte solution consisted of tetrabutylammonium perchlorate
(0.10 moldm�3) in dry solvent. All compounds were separately dissolved
in the electrolyte solutions, which were bubbled with argon gas for
20 min prior to measurements being recorded.


Crystal data were collected by using a Bruker SMART APEX CCD area
detector diffractometer. A full sphere of the reciprocal space was
scanned by phi-omega scans. Pseudo-empirical absorption correction
based on redundant reflections was performed by the program SADAB-
S.[29a] The structure was solved by direct methods by using SHELXS-97
and refined by full-matrix least-squares on F2 for all data by using


Figure 6. Cyclic voltammograms of 8·2PF6 (3.0·10
�3 moldm�3) and 9·2PF6


(3.0·10�3 moldm�3) were recorded at 100 mVs�1 and 25 8C in acetonitrile
containing TBAP (0.10 moldm�3).


Table 3. Cyclic voltammetry data[a] for [2]rotaxane 8·2PF6 and the corre-
sponding axle 9·2PF6.


[b]


Epeak 9·2PF6 [mV] Epeak 8·2PF6 [mV] DE[mV]


V2+!V+ C �668�10 �767�10 �99�14
V+ C!V0 �998�10 �1107�10 �109�14


[a] Values correspond to first derivative zero crossing points. [b] At a
concentration of 3.0O10�3 moldm�3 in acetonitrile that contains the sup-
porting electrolyte nBu4NClO4 (0.010 moldm�3), scan rate 100 mVs�1,
25 8C.
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SHELXL-97.[29b,c] Hydrogen atoms were added at calculated positions
and refined by using a riding model. Their isotropic temperature factors
were fixed to 1.2 times (1.5 times for methyl groups) the equivalent iso-
tropic displacement parameters of the carbon atom to which the hydro-
gen atom is attached. Anisotropic temperature factors were used for all
non-hydrogen atoms.


Melting points were estimated by using a Gallenkamp melting point
device and were not corrected. Reagents and solvents were purchased
from suppliers and used as received. All reactions were performed under
nitrogen by using glassware that was flame dried. Chromatographic sepa-
rations were performed by using silica (Merck, 40–63 micron) and the
specified solvent system.


Compounds 2,[15] 4·Cl,[14] 6[15] and 7[30] were prepared by following previ-
ously reported procedures.


Amine 3: Alcohol 2 (0.23 g, 0.54 mmol) and aniline hydrochloride
(0.14 g, 1.08 mmol) were heated in acetic acid (10 mL) at 110 8C in a
sealed tube for 3 h. The solvent was evaporated under vacuum, after
which methanol (15 mL) and HCl (2 moldm�3, 1 mL) were added. The
slurry was stirred under reflux for 20 h and the solvent was evaporated
under reduced pressure. The residue was extracted with chloroform and
washed with aqueous NaHCO3. The extract was dried over MgSO4 and
then was concentrated under reduced pressure. The residue was purified
by column chromatography (ethyl acetate/cyclohexane) to give 3 as a
pale solid (0.25 g, 93%): M.p. 286 8C (lit. m.p. 288 8C[15a]); 1H NMR
(CDCl3, 300 MHz): d=7.22 (d, J=8.8 Hz, 6H), 7.08 (d, J=8.6 Hz, 6H),
6.95 (d, J=8.6 Hz, 2H), 6.56 (d, J=8.6 Hz, 2H), 1.29 ppm (s, 27H); MS
(ES): m/z : 504.2 [M+H]+ .


Monocation 5·PF6 : Amine 3 (0.1 g, 0.198 mmol) and the salt 4·Cl (0.11 g,
0.3 mmol) were heated in dry ethanol (12 mL) at 80 8C in a sealed tube
for 25 h. The solvent was evaporated under reduced pressure. The resi-
due was dissolved in chloroform (60 mL) and was washed several times
with water to remove excess reagent. The organic layer was dried over
MgSO4 and then was concentrated. The residue was purified by column
chromatography (MeOH then MeOH/MeNO2/KPF6 (aq) 8.5:1:0.5). The
respective fraction was concentrated under vacuum, the residue was dis-
solved in MeNO2 and the organic phase was washed with water to
remove excess of KPF6. The solvent was evaporated under vacuum to
give 5·PF6 as a yellow solid (0.114 g, 73%): Decomp 230 8C; 1H NMR
(CD3OD, 300 MHz): d=9.03 (d, J=7 Hz, 2H), 8.86 (d, J=6 Hz, 2H),
8.48 (d, J=7 Hz, 2H), 7.84 (d, J=6 Hz, 2H), 7.60 (d, J=2.2 Hz, 4H),
7.30 (d, J=8.6 Hz, 6H), 7.12 (d, J=8.6 Hz, 6H), 1.32 ppm (s, 27H); MS
(ES): m/z : 643.2 [M�PF6]


+ ; elemental analysis calcd (%) for
C47H51N2PF6: C 71.56, H 6.52, N 3.55; found: C 71.00, H 6.53, N 3.52.


[2]Rotaxane 8·2PF6 and compound 9·2PF6 : Monocation 5·PF6 (36 mg,
0.045 mmol) and crown ether 7 (50 mg, 0.09 mmol) were added to 6
(50 mg, 0.065 mmol) in benzonitrile (0.2 mL) at room temperature. After
5 d the residue was purified by column chromatography (SiO2; MeOH
then MeOH/MeNO2/KPF6 (aq) 9.25:0.5:0.25 v/v) to give 9·2PF6 as a
yellow solid (26 mg, 37%) and 8·2PF6 as a red glassy solid (54 mg, 56%).


8·2PF6 :
1H NMR (CD3CN, 500 MHz): d=9.16 (d, J=7.2 Hz, 2H), 8.87


(d, J=6.9 Hz, 2H), 8.00 (d, J=7.2 Hz, 2H), 7.86 (d, J=6.9 Hz, 2H), 7.78
(d, J=9 Hz, 2H), 7.73 (d, J=9 Hz, 2H), 7.66 (d, J=8.7 Hz, 2H), 7.41 (d,
J=8.7 Hz, 6H), 7.30 (d, J=9.4 Hz, 12H), 7.14 (d, J=8.7 Hz, 8H), 7.10
(d, J=9.0 Hz, 2H), 6.78 (d, J=9.0 Hz, 2H) 6.14 (s, 8H), 5.86 (s, 2H),
4.20 (septuplet, J=4.7 Hz, 2H), 4.07 (t, J=4.7 Hz, 2H), 3.86 (t, J=


4.7 Hz, 2H), 3.82 (t, J=4.7 Hz, 2H), 3.64–3.52 (m, 24H), 3.47–3.40 (m,
8H), 1.33 (s, 27H), 1.29 ppm (s, 27H); MS (ES) m/z : 931.1 [M�2PF6]


2+ ;
elemental analysis calcd (%) for C123H148F12N2O13P2: C 68.63, H 6.93, N
1.30; found: C 68.21, H 6.95, N 1.50.


9·2PF6 :
1H NMR (CD3CN, 500 MHz): d=9.11 (d, J=6.9 Hz, 2H), 8.98


(d, J=6.6 Hz, 2H), 8.53 (d, J=6.7 Hz, 2H), 8.44 (d, J=6.7 Hz, 2H),
7.66–7.72 (m, 4H), 7.5 (d, J=8.9 Hz, 2H), 7.41 (d, J=8.5 Hz, 6H), 7.32
(d, J=8.6 Hz, 6H), 7.25 (d, J=8.5 Hz, 6H), 7.18–7.22 (m, 8H), 7.07 (d,
J=8.8 Hz, 2H), 6.83 (d, J=8.9 Hz, 2H), 5.78 (s, 2H), 4.18 (t, J=4.5 Hz,
2H), 4.10 (t, J=4.5 Hz, 2H), 3.85–3.90 (m, 4H), 1.33 (s, 27H), 1.29 ppm
(s, 27H); MS (ES): m/z : 1324.8 [M�2PF6]


+ .


[2]Pseudorotaxane 10·2PF6 : 1,1’-diethyl-4,4’-bipyridinium bis(hexafluoro-
phosphate) (0.005 g, 0.010 mmol) and 7 (0.0054 g, 0.010 mmol) were dis-
solved in acetone (0.5 mL) and the solution was concentrated by using
vapour diffusion conditions to give 10·2PF6 as a red solid (100%). M.p.
121 8C (reversible decomposition into V and 7); 1H NMR (CD3CN,
300 MHz): d=9.35 (d, J=7.0 Hz, 2H), 8.59 (d, J=7.0 Hz, 2H), 6.54 (s,
8H), 5.01 (q, J=7.5 Hz, 4H), 3.82–3.84 (m, 8H), 3.71–3.75 (m, 8H), 3.72
(s, 16H), 1.83 ppm (t, J=7.5 Hz, 6H); elemental analysis calcd (%) for
C42H58F12N2O10P2: C 48.47, H 5.62, F 45.21, N 2.29; found: C 48.48, H
5.71, N 2.28.


Compound 10·2PF6 was crystallised from acetone to obtain triclinic crys-
tals of 10·2PF6·2C3H6O suitable for X-ray diffractometry measurements.
CCDC-648423 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Introduction


Self-assembled nanoscale architectures emerged over a
decade ago and continue to inspire and motivate researchers
in many fields.[1] Potential applications of nanoscale archi-
tectures are particularly promising in the field of microelec-
tronics.[2] It is envisaged that the self-assembly of such archi-
tectures in solution and at surfaces can be effectively carried
out from nanoscale molecular and condensed-phase compo-
nents.[1,3]


Functional supermolecules, macromolecules and closely
related interlocked molecules are attractive nanoscale com-
ponents and have been extensively studied in solution and
at surfaces.[4–7] These nanoscale components have been suc-
cessfully attached to various nanoparticles and nanostruc-
tured electrodes.[8] The properties of such systems can be
tuned by controlling the size and composition of the nano-
particles or contact surfaces. However, the functionality de-
pends in particular on the ability to control the orientation
and relative positions of the components of these nanoscale
systems. For axle-based systems, such as switchable [2]ro-
taxanes, it is therefore important to ensure that the axle re-
mains normal to the contact surface, the recognition sites lo-
cated on the axle do not interfere with each other and the
recognition sites are restricted from approaching the contact
surface. Similar arguments can be made for molecular
switch tunnel junctions,[2e] in which the rotaxane molecules
should remain stretched between the surfaces of the electro-
des. These conditions effectively require the axle of the


Abstract: Translational movement of
the macrocycle in two structurally simi-
lar bistable [2]rotaxanes, which is in-
duced by a four-step electrochemical
process in solution, has been investigat-
ed by using a methodology developed
in the preceding article (Chem. Eur. J.
2008, 14, 1107–1116). Both [2]rotaxanes
contain a crown ether that can be ac-
commodated by either of two intercon-
nected viologen recognition sites.
These sites are substantially different
in terms of their affinity towards the
crown ether and they possess consider-
ably different electrochemical reduc-
tion potentials. The two [2]rotaxanes
differ in the length and the rigidity of a
bridge that links these sites. A combi-


nation of molecular mechanics model-
ling and NOE spectroscopy data pro-
vides information about the conforma-
tions of both [2]rotaxanes in the parent
oxidation state when the crown ether
exclusively populates the strong recog-
nition site. To determine the popula-
tion of the recognition sites at subse-
quent stages of reduction, a paramag-
netic NMR technique and cyclic vol-
tammetry were used. The key finding is
that the flexibility of the connecting


bridge element between the recogni-
tion sites interferes with shuttling of
the crown ether in [2]rotaxanes. It can
be demonstrated that the more flexible
trimethylene bridge is folded, thus lim-
iting the propensity of the crown ether
to shuttle. Consequently, the crown
ether populates the original site even
in the second reduced state of the flexi-
ble [2]rotaxane. On the contrary, in the
[2]rotaxane in which two viologen sites
are connected by a larger and more
rigid p-terphenylene bridge, the pre-
dominant location of the crown ether
at the weak recognition site is achieved
after just one single electron reduction.


Keywords: conformation analysis ·
cyclic voltammetry · molecular
modeling · rotaxanes · supramolec-
ular chemistry


[a] Dr. K. Nikitin, E. Lestini, Dr. J. K. Stolarczyk, Dr. H. M=ller-Bunz,
Prof. D. Fitzmaurice
School of Chemistry and Chemical Biology
University College Dublin
Belfield, Dublin 4 (Ireland)
Fax: (+353)1-716-2127
E-mail : kirill.nikitin@ucd.ie


jacek.stolarczyk@ucd.ie


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


Chem. Eur. J. 2008, 14, 1117 – 1128 D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1117


FULL PAPER







[2]rotaxane to be rigid, in particular, in the bridging section
between the recognition sites.
The orientation of the axle and the stability of attachment


has been addressed by using tripodal linkers to adsorb the
nanoscale components at the surface of semiconductors or
metals.[9] To this end, we have investigated tripodal [2]ro-
taxanes (Figure 1) that were attached to the surface of TiO2


nanoparticles and nanostructured electrodes by a tridentate
phosphonic acid linker L.[10–12] It was possible to electroni-


cally address and switch the above [2]rotaxane at the surface
of a TiO2 nanoparticle or at the surface of a nanostructured
titania electrode, but the process was accompanied by large
conformational changes to the molecule.[12]


In our preceding paper (Part 1)[13a] we presented a novel
methodology to quantitatively study the conformations and
co-conformations[13b] of [2]rotaxanes in solution and in dif-
ferent oxidation states. We combined molecular modelling
with NOESY, paramagnetic line-broadening and suppres-
sion spectroscopy (PASSY),[13c] electrochemical and refer-
ence crystallographic data to analyse a model, single-station
[2]rotaxane. In this paper we apply the same methodology
to study two closely related switchable tripodal [2]rotaxanes
(1 and 3, Figure 1) in solution. The study is directed towards
the detailed characterisation of the switching process and its
dependence on the overall conformation of the [2]rotaxanes.
A general representation of a switchable tripodal [2]ro-


taxane is given in Figure 1a. Two different viologen recogni-
tion sites (V1 and V2) are interconnected by a bridge (B)
and thread macrocyclic crown ether C. The integrity of the
system is maintained by the bulkiness of tripodal linker L
and stopper group S, which is connected to V2 by a flexible
polyether moiety PE. Although C is free, in principle, to
travel (shuttle) along the axle, it is predominantly localised
at V1 or V2.
It has previously been shown that the affinity of C to V1


and V2 can be altered electro- or photochemically by reduc-
ing V1 and V2.


[14,15] A single- or double-electron reduction
leads to a redistribution of C between the viologen sites.
Studies of shuttling in the above and related [2]rotaxane sys-
tems, however, appear to suggest that electrochemical shut-
tling in [2]rotaxanes may be accompanied by intramolecular
stacking of V1 and V2 and folding of B.


[14,15]


The two [2]rotaxanes studied herein differ in the structure
of B that links V1 and V2. In the [2]rotaxane 1·4PF6


[12]


(Figure 1, bridge B1), the viologens are interconnected by
three methylene groups. It is referred to throughout the
paper as a flexible rotaxane because the distance between
the nitrogen atoms of V1 and V2 is relatively short (2.7–
5.3 J) and can, in principle, freely change owing to free ro-
tation. In fact the angle formed by the N···N’ axes of V1 and
V2 is variable in the range of at least 0 to 1808, thus leaving
the possibility for V1 and V2 to stack in space. It should also
be noted that 1·4PF6 contains two flexible units, B1 and PE.
To distinguish between the independent movements of these
units, the conformational changes are referred to as B-fold-
ing and PE-folding, respectively.
The other [2]rotaxane (3·4PF6) incorporates a terpheny-


lene bridge (B2) between the two viologen stations
(Figure 1, bridge B2). In 3·4PF6 the distance between the ni-
trogen atoms of V1 and V2 is relatively long (15.2–16 J, see
the Supporting Information) and does not change signifi-
cantly as a result of free rotation. For the same reason, the
angle formed by the N···N’ axes of V1 and V2 is variable in
the range of only 0 to 1428, thus excluding the possibility for
V1 and V2 to stack. Bridge B2 also effectively plays the role
of a spacer between viologens V1 and V2.


Figure 1. a) General representation of switchable [2]rotaxane in which L :
linker, C : crown ether, V1 and V2 : viologen sites, B1 and B2 : bridges, PE :
flexible chain and S : stopper. b) Structures of [2]Rotaxanes 1 and 3,
which show the numbering used in Tables 1, to 4, and axles, 2 and 4.
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The aim of this study is to understand the significance of
possible intramolecular folding processes and their role in
electrochemically controlling the shuttling of C. Our find-
ings highlight both the similarities and the differences in be-
haviour of the flexible and rigid [2]rotaxanes in solution. In
particular, they address the question as to whether inserting
a rigid bridge into the bistable [2]rotaxane enables more
precise control over the position and orientation of self-as-
sembled nanoscale systems. The significance of these find-
ings should be considered in the context of the related stud-
ies of molecular shuttles in solution and at the surface.[12–16]


Upon completion of the present study it came to our atten-
tion that an important and very recent paper is devoted to
shuttling in functionally rigid [2]rotaxanes.[16a] It was demon-
strated that the rigid spacer possesses a very low barrier for
the movement of a macrocycle component in a [2]rotaxane.
This paper describes the design of 1·4PF6 and 3·4PF6 and


the elucidation of their conformations in solution in the
parent tetracationic state, 14+ and 34+ , from NOE spectros-
copy data. The conformations of the radical cations (13+ C


and 33+ C) derived from the [2]rotaxanes after single-elec-
tron reduction in solution are also discussed. Cyclic voltam-
metry data are used to elucidate possible conformational
changes in 12+ , 32+ and 1+ , 3+ reduction states of the [2]ro-
taxanes.


Results and Discussion


Design of tripodal [2]rotaxanes : [2]Rotaxanes 1·4PF6 and
3·4PF6 and their corresponding axle components, 2·4PF6
and 4·4PF6, used in this work are shown in Figure 1.
Both 1·4PF6 and 3·4PF6 contain tripodal linker L. Linker


L is a large rigid aromatic structure that prevents dethread-
ing of C. To provide substantial solubility in most common
solvents, the phosphonate groups of L are in the form of
ethyl esters. L is directly and rigidly connected to V1.
Viologens V1 and V2, which are present in 1·4PF6 and


3·4PF6, are both electroactive and are able to accept up to
two electrons each when reduced chemically or electro-
chemically.[11,12, 14] With regards to V1 and V2, it should be
noted that relatively electron-poor V1 is fully reduced at sig-
nificantly more positive potentials than relatively electron-
rich V2.


[12] This is possibly because the radical cation of V1


can potentially form a conjugated planar structure that delo-
calises the additional electron across both pyridine rings.
Further delocalisation is possible because V1 is conjugated
with the p-phenylene moiety of L. In comparison, as a result
of electron density donation from the methyl substituents at
the 3 and 3’ positions, viologen moiety V2 is relatively less
electron poor. Additionally, the radical cation of V2 cannot
adopt a planar conformation owing to steric repulsion of the
two methyl substituents at the 3 and 3’ positions and cannot
delocalise the donated electron.[14f] As a consequence, V2 is
reduced at more negative potentials than V1 (see below).
Owing to the same electronic and steric factors, the affinity
of crown ether 7 towards the V1 and V2 sites is significantly


different. Specifically, affinity of the crown ether to more
electron-deficient V1 is higher than to less electron-deficient
V2. In fact, it has been shown for a closely related inter-
locked system that the crown ether is located on V1.


[14a,b]


Polyether chain PE links V2 to rigid aromatic stopper S in
1·4PF6 and 3·4PF6. Linker PE, which includes adjacent aro-
matic groups, is 18 J long in its stretched conformation and
is flexible. In Part 1 we demonstrated that owing to its flexi-
bility the PE chain adopts a folded conformation and en-
sures that 7 is localised at the viologen site.[13a] It has been
suggested that the folded conformation of the PE chain is
possibly stabilised by CH–p interactions.
In summary, [2]rotaxanes 1·4PF6 and 3·4PF6 were de-


signed to contain rigid and flexible moieties in the sequence
L-V1-B-V2-PE-S. Whereas both 1·4PF6 and 3·4PF6 contain
an identical flexible PE moiety, the flexibility and size of
the central bridging element (B) that connects the two func-
tional viologens is significantly different. It is expected that
the size of B and the B-folding significantly influence the
conformation and shuttling in the above interlocked mole-
cules.


Synthesis : [2]Rotaxanes 1·4PF6 and 3·4PF6 were prepared
by a threading method that uses high-concentration condi-
tions[10–12] rather than from axles 2·4PF6 and 4·4PF6, respec-
tively, with slipping of 7.[17–19] Owing to the large size of the
bulky tetraarylmethane stoppers, the slipping approach
would not be successful. The synthesis of 1·4PF6 has been
described elsewhere.[12] Similarly, the preparation of 3·4PF6
and 4·4PF6 was carried out as shown in Scheme 1 starting
from 8·PF6. In the final step, key precursor 12·3PF6 was
treated with the stopper component, 13 or 13a, in a mini-
mum volume of benzonitrile.[10] In the presence of 7, [2]ro-
taxane 3·4PF6 was obtained in good yields, whereas in the
absence of 7 only 4·4PF6 was formed.
To unambiguously assign the reduction potentials of V1


and V2 in compounds 1 to 4, a direct comparison was made
by using structurally analogous model compounds 5·2PF6
and 6·2PF6. Model compound 5·2PF6, which contains V1 in
the absence of V2, was used to assign the reduction poten-
tials of V1 in compounds 1 to 4.[11,12] Model compound
6·2PF6, which contains only V2, was used to assign the re-
duction potentials of V2. Compound 6·2PF6 was prepared by
alkylation of 3,3’-dimethyl-4,4’-bipyridine with 13 (see the
Experimental Section). Reference compounds 5 and 6 ena-
bled the comparative structural and dynamic characterisa-
tion of 1·4PF6 and 3·4PF6 in solution.


Conformations of [2]rotaxanes in the parent state : One pos-
sible way to characterise the conformations of [2]rotaxanes
in their parent states is by X-ray crystallography. This tech-
nique has been successfully completed for a number of
[2]pseudorotaxanes that contain viologens and crown ethers,
but not for [2]rotaxanes that contain bulky, oily stopper
groups, which impede the formation of an ordered crystal-
line phase.[19–21] Until recently, little was known about solid-
state and solution structures of viologen-based [2]rotaxanes
that incorporate 7, and in particular, the co-conformation of
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the [2]rotaxanes, that is, which viologen site is predominant-
ly occupied.[12–15]


1H NMR spectroscopy techniques, based on NOE, are
commonly used for structural characterisation in solution. In
particular, NOE spectroscopy of [2]rotaxanes has been used


for this purpose.[22,23] To this end, an almost complete assign-
ment of the observed 1H NMR spectroscopy resonances was
carried out on the basis of COSY correlations and related
data from structural analogues.[13–15] All of the protons in
1·4PF6 and 3·2PF6 were numbered (Figure 1) so that analo-
gous protons would have the same numbers in the two com-
pounds. For convenience a full list of the chemical shifts, ob-
served NOE intensities and respective calculated distances
is given in Table S1 in the Supporting Information. In the ar-
omatic region (d=7.5 to 8.0 ppm), some loss of information
was unavoidable as a result of overlap of the adjacent peaks.
In Part 1 we demonstrated that a combination of quantita-


tive NOE and crystallographic reference data can form the
basis of a detailed analysis of the structure of a model [2]ro-
taxane in solution.[13a] In this paper we followed the same
methodology to characterise two tripodal [2]rotaxanes,
1·4PF6 and 3·4PF6, by using


1H NMR NOE spectroscopy at
298 K in acetonitrile. In separate experiments eight equiva-
lent aromatic protons of 7 (denoted H13) and six methyl pro-
tons of the V2 moiety (H23/H27) were irradiated for both ro-
taxanes. The results were expressed, as previously, in terms
of average effective interatomic distances (d) in 1·4PF6 and
3·4PF6 in solution by using the solid-state crystallographic
data from analogous [2]pseudorotaxane and viologen refer-
ence compounds.[13a] In this manner two sets of distances
were obtained for each rotaxane, distances dax between aro-
matic protons H13 and other groups of equivalent Hx pro-
tons, and distances dmx between methyl protons H23/H27 and
protons Hx. These results, however, do not allow the confor-
mations and co-conformations of 1·4PF6 and 3·4PF6 to be
fully characterised and visualised. Therefore, we used molec-
ular mechanics (MM) minimisation (Macromodel 8.5 with
AMBER force field) to find the structures that best
matched the experimentally determined distances dax and
dmx. The least-squares method was used for fitting. Owing to
the fact that dax and dmx represent average distances between
multiple equivalent irradiated protons H13 or H23/H27 and
multiple protons Hx, it was impossible to directly use them
as constraints in MM minimisation. Accordingly, a multiple-
step Euler-type optimisation procedure was employed with
distance constraints refined during each step to achieve the
best fit with dax and dmx. The resulting optimised structures
of 1·4PF6 and 3·4PF6 are shown in Figure 2.
For the calculations of average distances dax (i.e., when


protons H13 were irradiated), the corresponding average dis-
tance between protons H13 and H14 in the solid-state struc-
ture of an analogous [2]pseudorotaxane was used as a refer-
ence (Table 1).[13a] Clearly, crown ether 7 is localised at V1


adjacent to L in both 1·4PF6 and 3·4PF6 in solution. A com-
parison of 1·4PF6 and 3·4PF6 reveals that in each case there
are substantial NOEs for the protons in V1 (H9–H12 in
Figure 1). The calculated distances da9 to da12 (from protons
H13 to protons H9–H12) are in the range of 3.7 to 4.1 J,
which are similar to the distances in the crystals of analo-
gous [2]pseudorotaxanes.[13a]


It is also clear that 7 is not localised at V2 adjacent to S in
both 1·4PF6 and 3·4PF6 in solution. Both 1·4PF6 and 3·4PF6


Scheme 1. i) 1) benzonitrile, 36 8C, 2 d, 2) KPF6 (aq), CH3NO2, total 83%;
ii) 1) benzonitrile, ambient temperature, 6 d, 2) KPF6 (aq), CH3NO2, total
83%; iii) 1) benzonitrile, ambient temperature, 10 d, 2) KPF6 (aq),
CH3NO2, total 69%; iv) 1) benzonitrile, ambient temperature, 10 d,
2) KPF6 (aq), CH3NO2, total 70%.
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show no measurable NOE of the protons of V2 (closely
overlapping H20, H21, H24, H25 and closely overlapping H22,
H26). Furthermore, with regards to B, which links V1 to V2,
it is noted that 7 is not localised at the bridge, or in other
words, the bridge does not provide a recognition site for 7.
In 1·4PF6, the short distances for bridge methylene protons
H18 (da18=4.40 J) and H42 (da42=4.61 J), but not for the
third pair of methylene protons H19 (da19>5.86 J) confirm
that 7 is localised at V1. In 3·4PF6, relatively short distances
associated with B2 were calculated for H43 (d43=4.04 J) and
H45 (d45=5.44 J), however, the distance to H19 is far greater


than 5.86 J[24] (16.12 J in the
model of 3·4PF6). The crown
ether, therefore, is also not ac-
commodated by B2. These find-
ings are in full agreement with
the expected position of the
crown ether moiety in the
parent oxidation state.[12,14a,b]


In 1·4PF6, significant NOEs
were only measured for the
methyl substituents (protons
H23/H27), which are, therefore,
located relatively close to the
crown ether (d23=6.23 J),
which indicates B-folding of the
molecule (Figure 2a). By com-
parison, it is apparent that the
V1-B2-V2 section of 3·4PF6 is
not folded because no measura-
ble NOE was detected for the
methyl substituents (protons
H23) of the V2 moiety (Fig-
ure 2b).
It can be concluded that flexi-


ble trimethylene bridge B1 in
1·4PF6 is folded so that the
methyl groups of V2 can ap-
proach 7 from the outside,
whereas V2 as a recognition site
does not accommodate 7. On
the contrary, rigid terphenylene
bridge B2 in 3·4PF6 does not
permit B-folding and no NOE
is detected.
With regards to bulky stopper


S, no measurable NOE was ob-
served for any of the protons
(Table S1 in the Supporting In-
formation). These findings are
consistent with the conclusion
that 7 populates V1 and 7 is not
approached closer than about 6
to 7 J by S. However, no infor-
mation can be gained with re-
gards to the conformation and
possible folding of the PE
chain.


Further insights into the structure of 1·4PF6 and 3·4PF6 in
solution were obtained when the methyl protons of the V2


moiety (H23 and H27) were irradiated at their respective res-
onance frequency in subsequent NOE experiments. In this
case the required effective reference distance (deref) was cal-
culated between the six protons of the two 3,3’-methyl
groups (H23/H27 in 1·4PF6 and 3·4PF6) and the two protons
at the remaining 3,3’ positions (H22/H26 in 1·4PF6 and
3·4PF6). The required structural data were sourced from the
X-ray crystal structure of 3,3’-dimethyl-1,1’-diethyl-4,4’-bi-


Figure 2. Model conformations of the [2]rotaxanes a) 1·4PF6 b) 3·4PF6.


Table 1. Effective interatomic distances dax [J] in 1·4PF6 and 3·4PF6.


Position Notation d in 1[a] d in 3[a]


experimental model experimental model


L H8 3.73�0.11 4.07 3.96�0.15 4.04
V1 H9 4.02�0.16 4.41 4.04�0.16 3.69


H10 3.82�0.12 4.30 3.71�0.11 3.90
H11 3.80�0.12 4.37 3.75�0.11 4.19
H12 4.07�0.17 4.91 4.04�0.16 4.83


7 H14 3.20�0.07[b] 3.39 3.20�0.07[b] 3.28
B1, B2 H18 4.40�0.19 5.93 –[c] 5.07
B1 H42 4.61�0.25 3.83 – –
B2 H43 – – 4.04�0.16 4.22


H44 – – >5.86 4.41
H45 – – 5.44�0.06 6.22


B1, B2 H19 >5.86 7.13 >5.86 16.12
V2 H23/H27 6.23�1.04 6.10 >6.33 20.31


H20/H24 >5.86 7.88 >5.86 18.75
H21/H25 >5.86 6.94 >5.86 18.41
H22/H26 >5.86 7.96 >5.86 18.92


S H39 >7.60 15.03 >7.75 10.59


[a] If no corresponding signal has been observed in the NOE spectrum, the minimum distances (shown in ital-
ics) have been estimated on the basis of the noise level in the spectrum and the reference distance dref. [b] Ref-
erence distance dref was obtained from a crystal structure of a related [2]pseudorotaxane.[13a] [c] The value
cannot be accurately determined as a result of overlap with the irradiation peak.
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pyridinium hexafluorophospane, 14·2PF6. The resulting dis-
tance (3.79 J) was used as a reference. The ensuing data are
presented in Table 2.


Clearly, in both 1·4PF6 and 3·4PF6 the PE chain is folded
so that protons H39 of the stopper approach the methyl
groups of V2 as close as 6.7 to 7.4 J. The data also confirm
an earlier observation that in the case of 1·4PF6, the methyl
groups of V2 approach 7 at 7.3 J owing to the B-folding of
the trimethylene bridge. No evidence of similar B-folding
was found for 3·4PF6 in which the viologens are mechanical-
ly separated by non-flexible terphenylene bridge B2.
The model conformations of 1·4PF6 and 3·4PF6 are pre-


sented in Figure 2 in which V1 and V2 are highlighted in
blue and green, respectively. The crown ether, which forms
a sandwich structure with V1, is shown in red. Whereas the
PE chain is clearly folded in both 1·4PF6 and 3·4PF6, violo-
gens V1 and V2 only form an acute angle in 1·4PF6 as a
result of folding of the bridge. In this way, V2 can come into
close proximity with the crown ether. A key finding is that 7
is localised at and interacting with V1 in both cases.


Conformations of the [2]rotaxanes in the first reduced state :
After determining that V1 was predominantly populated in
the parent state and the axles adopted a folded conforma-
tion, a further objective of this study was to understand the
conformations and co-conformation adopted by 1 and 3
when V1 was reduced and the affinity of the crown ether to-
wards this recognition site significantly diminished.[25]


Owing to sufficient differences in the reduction potentials
between V1 and V2 it was possible to selectively reduce V1


adjacent to L. This allowed the co-conformation in the
singly reduced radical cation states of 1·3PF6 and 3·3PF6 to
be determined by using the paramagnetic relaxation en-
hancement (PRE) technique outlined below.
Recently we described a novel NMR methodology that


allows the structural and conformational changes of the
[2]rotaxane molecule in different oxidation states to be
monitored.[13a] It was shown that in radical cations of re-
duced viologens the unpaired electron density causes meas-
urable PRE. The PRE values depend drastically on the dis-
tance from the unpaired electron. This provides a means of
reasonably accurate characterisation of the location of the


macrocycle and estimation of the conformation of the axle
in the reduced state of viologen-based [2]rotaxanes.[13a]


The reduction of V1 can be achieved by using an appro-
priate reducing reagent or by applying an appropriate nega-
tive potential. Typically it is carried out by using Zn metal
as a reducing agent. The reduction can be readily achieved
for 1·4PF6 and 3·4PF6, the model rotaxanes that only con-
tain the V1 moiety, and for the model compound 5·2PF6. To
determine if this agent also reduces V2, model compound
6·2PF6, which only contains the V2 unit, was tested. No evi-
dence for a reduction process with V2 was found on addition
of Zn metal to a solution of 6·2PF6 in either acetonitrile or
methanol under air-free conditions. This result clearly indi-
cated that whereas V1 is reduced, V2 is not reduced by Zn
metal and this reagent can be used to obtain the [2]ro-
taxanes in singly reduced radical cation states 1·3PF6 and
3·3PF6.
The 1H NMR spectra of 1·4PF6 and 3·4PF6 and their


cation radicals 1·3PF6C and 3·3PF6C were recorded in de-
gassed acetonitrile at 25 8C and the relaxation times T1 were
measured by the saturation–inversion method.[13a,c] Calculat-
ed PRE values are presented in Tables 3 and 4 (for full T1


data see the Supporting Information). The effective average


Table 2. Effective interatomic distances dmx [J] in 1·4PF6 and 3·4PF6.


Position Notation d in 1[a] d in 3[a]


experimental model experimental model


V1 H12 >8.35 6.87 >8.35 18.84
V2 H22/H26 3.79�0.26[b] 3.75 3.79�0.26[b] 3.75
S H39 6.71�0.84 6.83 7.42�1.15 7.30


H28 7.27�0.80 6.19 >8.35 5.91
H29 >8.35 6.36 >8.35 6.09


7 H13 7.38�1.08 6.10 >9.44 20.31


[a] If no corresponding signal has been observed in the NOE spectrum,
the minimum distances (shown in italics) have been estimated on the
basis of the noise level in the spectrum and reference distance dref.
[b] The reference distance was calculated from the crystal structure of
14·2PF6.


Table 3. Paramagnetic relaxation enhancement and estimated effective
distances [J] in 1·4PF6


[a]


Position Notation PRE [s�1] dex


V1 H9 PSZ <5.1[b]


H10 PSZ <5.1[b]


H11 PSZ <5.1[b]


H12 PSZ <5.1[b]


V2 H20/H24 1.2�0.3 12.0�1.8
H21/H25 1.0�0.3 12.4�1.9
H23/H27 7�2 9.0�1.4


B1 H18 PSZ <5.1[b]


H42 PSZ <5.1[b]


H19 122�11 5.6�0.6
S H39 1.3�0.2 11.8�1.5
L H5 2.5�0.5 10.6�1.5
7 H13 83�5 5.9�0.7


H14–H17 58�3 6.3�0.7


[a] �1.00P10�2 moldm�3 solution in [D3]acetonitrile, 25 8C. [b] Based on
T1 below 2.5P10�3 s.


Table 4. Paramagnetic relaxation enhancement and estimated effective
distances in 3·4PF6.


[a]


Position Notation PRE [s�1] dex


V1 H9 PSZ <5.1[b]


H10 PSZ <5.1[b]


H11 PSZ <5.1[b]


H12 PSZ <5.1[b]


V2 H23 H27 0.00�0.09 >14
B2 H18 PSZ <5.1[b]


H45 1.0�0.3 8.1�1.6
H19 0.0�0.3 >14


S H39 0.2�0.2 10.6�3.3
L H4 0.14�0.07 11.2�2.5
7 H13 26�3 4.7�0.8


H14–H16 8.4�0.7 5.7�1.0


[a] �10�2 moldm�3 solution in [D3]acetonitrile, 25 8C. [b] Based on T1


below 2.5P10�2 s.
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distances from the centre of the paramagnetic suppression
zone (PSZ) to each of the proton groups Hx were also calcu-
lated.[13a] The distances from the centre of the PSZ to pro-
tons H5 (in the model conformation of 1·4PF6) and from
protons H4 (in the model conformation of 3·4PF6) were
used as references because these distances were expected to
remain unchanged upon reduction of the rotaxanes.
The analysis of proton PRE data (Table 3) shows that in


1·3PF6, as expected, the strongest paramagnetic effect is ex-
perienced by V1 (protons H9–H12) and all adjacent protons
(PSZ). The PRE is too high to be measured in the PSZ and
no quantitative information can be obtained. For the rest of
the molecule the proton PRE values were obtained and
were used to determine the conformation of the mole-
cule.[13a]


To facilitate the analysis of the co-conformational changes
in the [2]rotaxanes upon reduction, the fractions of the en-
semble (population) of the rotaxane molecules in which 7 is
located at V1 and V2 are denoted a1 and a2, respectively.
Owing to the affinity of the crown ether towards the recog-
nition sites, the sum of a1 and a2 should be equal to 1, that
is, only the two above co-conformations are considered to
be relevant. The values of a1 and a2 could also be under-
stood to be the probabilities of finding 7 at either V1 or V2,
respectively.
Probabilities a1 and a2 in the first single-electron reduced


state, 1·3PF6, were determined as follows: According to
Table 3 the PRE value for aromatic protons H13 of 7 in
1·3PF6 is 83 s


�1. If 7 remained at V1 (a1=1) its PRE would
be significantly higher, specifically 125 s�1 as was previously
shown for a structurally similar [2]rotaxane.[13a] However,
for 7 located at V2 the PRE would have been significantly
lower, specifically about 7 s�1 (Table 3, PRE value for V2).
This may suggest that the population is split between the
sites. Assuming that the observed PRE value is a linear
combination of the relaxation rates at both sites, it can be
calculated that a1=0.65�0.10 in the reduced state 1·3PF6,
and hence, a2=0.35�0.10.[26] The details of the calculation
are given in the Supporting Information. This result suggests
that 7 is predominantly, but not completely localised at V1


in the reduced state, 1·3PF6.
The decrease in the PRE value for protons H13 can also


be interpreted differently. It can be attributed to a shift of
the average position of these crown ether protons with re-
spect to V1, which leads to an increase of the effective dis-
tances by a factor of (125=83)


1=6. This corresponds to a shift of
only 0.3 J towards the trimethylene bridge, that is, 1=20th of
the length of the bipirydyl unit. It means that the crown
ether is still structurally localised at V1. This finding is in
qualitative agreement with our previous findings on the sur-
face of titanium oxide.[12]


Note that the PRE values for H27 of the methyl substitu-
ents in V2 (7 s


�1) are higher than the PRE values for the in-
plane aromatic protons H20 of V2 (1 s


�1). Consequently, it
can be concluded that V2 in 1·3PF6C is folded back towards
V1 so that the methyl substituents of V2 approach the PSZ
of V1 relatively closely. It can also be concluded on the basis


of the noticeable PRE (1.2 s�1) for stopper terminal protons
H39 that, owing to the folding of B1 and the PE chain, stop-
per S is in the vicinity of the PSZ of V1. These results prove
that B- and PE-folding persist in 1·3PF6. This is in excellent
agreement with the above NOE findings on the conforma-
tion of the parent oxidation state 1·4PF6.
To conclude, a single-electron reduction of 1·4PF6 in solu-


tion does not seem to induce dramatic changes in the popu-
lation of the recognition sites by 7. Whereas the interactions
of 7 with V1 are significantly weakened as a result of addi-
tional electron density on this site, the crown ether still pre-
dominantly populates the V1 site. This can be explained by
considering the folding of the flexible trimethylene bridge,
which possibly represents an additional steric barrier for 7
to overcome.
The analysis of the proton PRE data in 3·4PF6 (Table 4)


shows that in this case, as expected, the strongest PRE is ex-
perienced by V1 itself (H9–H12) and the surrounding protons
(PSZ). Importantly, it is again possible to elucidate the pop-
ulation of the viologen sites by 7 in the first single-electron
reduced state 3·3PF6. In this case the PRE value for aromat-
ic protons H13 of 7 in 3·3PF6 is 26 s


�1. Following the above
argument and by using data from Table 3 for the V2 site of
1·3PF6, it can be calculated that the probability value of a1


is 0.21�0.10 in the reduced state, 3·3PF6, and the probabili-
ty value of a2 is 0.79�0.10.[26] The results cannot be ex-
plained in terms of shift of the crown ether, as for 3·3PF6,
because it would require a highly unlikely localisation of the
crown at bridge B2. It can be concluded, therefore, that 7
does predominantly populate V2 in the reduced state,
3·3PF6.
The PRE values for V2 are negligible. Therefore, as ex-


pected, viologen station V2 in 3·3PF6 is not approaching the
PSZ of V1. It can also be concluded on the basis of negligi-
ble PRE values for the t-butyl groups of the stopper that the
stopper does not approach the PSZ of V1. This is in excel-
lent agreement with the above NOE findings for the parent
state of 3·4PF6.
Apparently, single-electron reduction of rigid 3·3PF6


causes significant changes in the population of the recogni-
tion sites by 7 as shown in Figure 3. In this case 7 mainly
populates the second, originally weakly binding viologen
recognition site V2.
By comparing the findings for both rigid and flexible tri-


podal [2]rotaxanes it is concluded, therefore, that as a result
of the folded conformation of the axle in 1, the distribution
of the population of the viologen recognition sites by the
crown ether is sensitive to, but is not effectively controlled
by, single-electron reduction in solution. Upon single-elec-
tron reduction the crown ether continues to predominantly
populate the originally strongly binding site V1. On the con-
trary, the rigid design of 3 provides more efficient conditions
for electrochemical control of distribution of the crown
ether between recognition sites V1 and V2. In this case a
single-electron reduction causes inversion of the population,
a process that may be termed shuttling or Brownian switch-
ing.[27]
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Conformations of the second and further reduced states of 1
and 3 : It has previously been shown that cyclic voltammetry
(CV) can provide insights into intramolecular shuttling pro-
cesses in switchable [2]rotaxanes.[11,12,13c,14,15] These insights
are possible because the donor–acceptor interaction of 7
with the viologen moieties shifts the reduction potential of
the viologens to more negative values. The reduction of viol-
ogens is known to be associated with their dimerisation,
which leads to positive reduction potential shifts,[28] and with
conformational changes, which lead to incomplete reduc-
tion.[29] Recently it has been shown that the reduction re-
quires flattening of the structure of the viologens, and conse-
quently, the reduction potentials of viologens depend criti-
cally on the dihedral angle between the two pyridinium
rings.[14f] Consequently, the reduction requires more negative
potentials if the ability of a viologen to adopt a flat confor-
mation is restricted as it is in all 3,3’-dimethylviologens, V2.
The CVs of [2]rotaxanes 1·4PF6 and 3·4PF6 and the corre-


sponding axles 2·4PF6 and 4·4PF6 were recorded (see the
Supporting Information). Tripodal model compound 5·2PF6
and model compound 6·2PF6 were also studied to assign any
reduction peaks observed in 2·4PF6 and 4·4PF6. The CV
measurements were carried out at a scan rate of 10 mVs�1


by using a solution of tetraethylammonium hexafluorophos-
phate (0.05 moldm�3) as an electrolyte and non-aqueous
Ag/AgNO3 as the reference electrode. The list of the respec-
tive peak potentials (Ep) is given in Table 5. For comparison,
the reduction potentials of the single-station model [2]ro-
taxane described in detail Part 1 are also given.[13a]


Owing to the strong overlaps of the reduction peaks of
flexible 1·4PF6 and rigid 3·4PF6 in the region at approxi-
mately �1 V, it is difficult to make precise assignments of


the second and third potentials.
For this reason the maxima of
combined second and third re-
duction peaks are quoted for
systems 1 to 4. It is noted that
this behaviour was expected on
the basis of a number of CV ex-
periments with individual violo-
gen stations V1 and V2 and
their various mixtures under a
range of conditions.
Firstly, let us consider the re-


duction of bis-viologen system
2·4PF6, which involves four
one-electron steps. The assign-
ment of the reduction poten-
tials of 2·4PF6 can be made by
comparing the reduction poten-
tials of tripodal model com-
pound 5·2PF6, the V1 model ro-
taxane[13a] and model compound
6·2PF6. Owing to the presence
of an additional positively


charged moiety (V2) the reduction potential of V1 in 2·4PF6
is shifted to more positive values compared with tripodal
model compound 5·2PF6 (�0.63 V) and model rotaxane
(�0.67 V).[14a,b,29] As a result, the first reduction potential of
2·4PF6 is �0.52 V. It can also be concluded qualitatively that
the second reduction potential of 2·4PF6 is within �0.96 to
�1.0 V, as the second reduction potential of 5·4PF6
(�0.96 V) and the model single-station rotaxane (�1.00 V).
The third and the fourth reduction potentials of 2·4PF6
(�1.06 and �1.40 V) are associated with the reduction of
V2. This can be determined on the basis of the reduction po-
tentials of V2 in 6·2PF6 (�1.07 and �1.55 V).[29] It is con-
cluded, therefore, that the electrochemical reduction of
2·4PF6 involves two single-electron reductions of V1 fol-
lowed by two single-electron reductions of V2. Consequent-
ly, the formation of an interim reduced species of 2·2PF6


Figure 3. Shuttling in the [2]rotaxanes. Left: flexible 1·4PF6, right: rigid 3·4PF6.


Table 5. Cyclic voltammetry data.[a]


Compound Ep [V]
[b]


V1
2+!V1


+ V1
+!V1


0 V2
2+!V2


+ V2
+!V2


0


1·4PF6 �0.75 �0.98 �1.46
2·4PF6 �0.52 �1.06 �1.40
3·4PF6 �0.78 �1.08 �1.58
4·4PF6 �0.69 �1.06 �1.48
5·2PF6 �0.63 �0.96 – –
6·PF6 – – �1.07 �1.56
V1 model rotaxane


[c] �0.77 �1.12
V1 model axle


[c] �0.67 �1.00


[a] Acetonitrile, 25 8C, 0.05 moldm�3 tetraethylammonium hexafluoro-
phosphate, 5.00P10�2 moldm�3 in 1–6. [b] Error bar �0.01 V. [c] Refer-
ence [13a].
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with two co-existing viologen radicals, V1C and V2C, is not ex-
pected. This species, if formed, would undergo intramolecu-
lar viologen–viologen association and lead to pronounced
positive shifts in the second and third potentials.
It was possible to analyse the interaction of the same viol-


ogen moieties of 1·4PF6 with 7 and the position of 7 after
the reduction potentials of the viologen moieties in 2·4PF6
were assigned. The value of the first reduction peak of
1·4PF6 (�0.75 V) is shifted towards more negative values
compared with 2·4PF6 (�0.52 V) as a result of the interac-
tion of V1 with 7. This is in full agreement with the reduc-
tion potentials of the model single-station rotaxane
(�0.77 V) and the above NMR spectroscopy findings that
the crown ether mainly populates the V1 site in 1·4PF6, as
shown in Figure 3. It also is consistent with previous findings
on the surface of titanium dioxide[12] and in solution.[14a,b]


It is expected that in 1·3PF6 the second reduction poten-
tial of the V1 site will be shifted to negative values, possibly
to �1.1 V as in the model rotaxane, owing to the interaction
with 7 after the first reduction of V1. This requires, however,
the V2 site to be reduced first at approximately �1.07 V
with the formation of two co-existing radical cation violo-
gens (Figure 3). As these viologen radicals are conforma-
tionally permitted to interact and dimerise, owing to B-fold-
ing, the resulting reduction potential is considerably shifted
towards more positive values, �0.98 V. This unexpected shift
indicates the early onset of p–p-type stacking of V1 and V2


and the crown ether in 1 in comparison with 2. Finally, the
second reduction potential of V2 in 1·PF6 (�1.46 V) is dis-
placed towards more negative values compared with 2
(�1.40 V), which indicates that 7 populates V2 in the re-
duced state, 1·PF6.


[11,12] Proposed co-conformational and
conformational changes in 1 in solution are illustrated in
Figure 3. It can be concluded that the population of the viol-
ogen sites by 7 changes over the course of the four consecu-
tive reduction steps. In first three oxidation states, 1·4PF6,
1·3PF6 and 1·2PF6, crown ether 7 predominantly populates
V1. Predominant population of V2 takes place in 1·PF6 (after
triple reduction).
Now let us consider the reduction of the rigid bis-viologen


system, 4·4PF6. The relatively long and rigid bridge (B2) be-
tween V1 and V2 separates the two stations and prevents B-
folding. Accordingly, the reduction potentials of V1 and V2


in 4·4PF6 are not shifted to more positive values when com-
pared with V1 and V2 in model compounds 5·2PF6 and
6·2PF6, respectively. The first two reduction potentials of
4·4PF6 (�0.69 and �1.06 V) can be assigned, therefore, to
V1. The third and fourth reductions of axle compound
4·4PF6 (�1.06 and �1.48 V) are the reduction potentials of
the viologen moiety V2. The interaction of the viologen moi-
eties in 3·4PF6 with 7 and the position of 7 can be analysed
on the basis of the electrochemical shifts. The value for the
first reduction of 3·4PF6 (�0.78 V) is displaced, owing to the
interaction of V1 with 7, towards more negative values com-
pared with 4·4PF6 (�0.69 V). This is in full agreement with
above findings by NOE spectroscopy that the crown ether
populates the V1 site in 3·4PF6.


It can be expected that unlike the first reduced state of
flexible 1·3PF6, in rigid 3·3PF6 the second reduction poten-
tial of V1 will only be marginally shifted to negative values
as a result of a weak interaction with 7 after the first reduc-
tion of V1. On the other hand, the first reduction potential
of V2 will be considerably negatively shifted, thus maintain-
ing the electrochemical gap between V1 and V2. This would
exclude the formation of two co-existing radical cation viol-
ogens, V1


+ C and V2
+ C. Additionally, their possible association


is precluded by long and rigid bridge B2. Although, owing to
the overlap of the second and the third reduction peaks, the
observed electrochemical shift cannot be accurately mea-
sured, it is clear that the second reduction peak is slightly
shifted towards more negative values and there is no unusu-
al positive shift associated with dimerisation. Finally, the
second reduction potential of V2 in 3·PF6 (�1.58 V) is sub-
stantially displaced towards more negative values compared
with 4·PF6 (�1.48 V), which indicates that 7 populates V2 in
the reduced state, 3·PF6.
Proposed co-conformational and conformational changes


in 3 in solution are shown in Figure 3. It can be concluded
that the population of the viologen sites by 7 changes over
the course of four consecutive reduction steps. In the first
oxidation state (3·4PF6), crown ether 7 predominantly popu-
lates V1. Predominant population of V2 takes place in
3·3PF6, 3·2PF6 (after double reduction) and in 3·PF6 (after
triple reduction).
Comparing the two rotaxane systems it is noted that,


unlike in 1, the inversion of the site population (switching)
happens in 3 after the first single-electron reduction. A
likely explanation is that in 1·3PF6 flexible bridge B1 folds
back, which allows additional stabilisation of 7 at V1 by pos-
sible simultaneous interaction with both V1, and to a lesser
extent, V2. On the contrary, in 3·3PF6 rigid bridge B2 ex-
cludes the possibility of such additional stabilisation.


Conclusion


The observation of intramolecular shuttling processes in so-
lution and at the surface is a challenging task for modern
structural techniques because the changes in the spectral
characteristics of switching molecular systems are subtle.
A 1H NMR spectroscopy study of switchable 1·4PF6 and


3·4PF6 in solution demonstrates that the crown ether is lo-
cated at the V1 recognition site in the parent state. The PRE
technique can be used to determine the population of the
recognition sites and the conformation of the first reduced
states of 1·3PF6 and 3·3PF6. It can be demonstrated that in
1·4PF6 the folding of the bridge interconnecting V1 and V2


results in additional stabilisation of the crown ether at V1.
Consequently, the crown ether populates this site in the first
reduced state, 1·3PF6. The electrochemical behaviour of
1·4PF6 further demonstrates that the crown ether populates
V1 even in the second reduced state (1·2PF6).
In the case of 3·4PF6, the possibility of bridge folding is


precluded in all reduction states. Consequently, switching
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(when the population of V2 is higher than V1) happens after
the first reduction of 3. However, even in this case the repo-
sitioning of the crown ether from V1 to V2 is not complete
after the first reduction. This incomplete switching is possi-
bly owing to low affinity of the crown ether for V2.
A comparison of the electrodynamics of switchable tripo-


dal [2]rotaxanes 1·4PF6 and 3·4PF6 in solution strongly sug-
gests that the design of the bridge between V1 and V2 in
these [2]rotaxanes determines the degree of pre-organisa-
tion of the [2]rotaxane and its ability to switch. This implica-
tion is valuable for the development and design of new,
more effective switchable molecular systems and is in good
agreement with the most recent findings published by Stod-
dart and co-workers.[16]


Experimental Section


General methods : Reagents were purchased from Sigma-Aldrich. All re-
actions were conducted in a nitrogen atmosphere. Melting points were
estimated by using a Gallenkamp melting point device and were not cor-
rected. NMR spectra were recorded by using Varian Inova 300 and 500
spectrometers in the solvent indicated at 25 8C. Proton NMR spectra
were recorded at 299.89 and 499.82 MHz and phosphorus NMR spectra
at 121.39 MHz. Mass spectra were recorded by using a Micromass LCT
mass spectrometer. Crystal data were collected by using a Bruker
SMART APEX CCD area detector diffractometer. Paramagnetic sup-
pression NMR spectroscopy was carried out as described elsewhere.[13c]


Tripodal [2]rotaxane 1·4PF6 and axle 2·4PF6,
[12] tripods 5·2PF6 and


8·PF6,
[11] crown ether 7,[30a] stopper bromide 13,[10] and viologen


14·2PF6
[30b,c] were prepared as described elsewhere.


Compound 6·2PF6 : Bromide 13 (0.076 g, 0.1 mmol) and 3,3’-dimethyl-
4,4’-bipyridyl (0.009 g, 0.05 mmol) were added to a mixture of CH3CN
(2 mL) and CH2Cl2 (2 mL) and the mixture was left at room temperature
for 6 d. The mixture was separated by column chromatography (silica
gel; acetone/MeOH/nitromethane/saturated aqueous KPF6 50:35:10:5 v/
v), the retained fraction was evaporated under reduced pressure, the resi-
due was extracted with CH3Cl, the organic layer was washed with water
and evaporated under reduced pressure to give 6 as a white solid
(0.070 g, 70%). M.p. 226 8C; 1H NMR (300 MHz, CD3CN, 25 8C): d=8.77
(s, 2H), 8.67 (d, J=6.0 Hz, 2H), 7.74 (d, J=6.0 Hz, 2H), 7.44 (d, J=


9.0 Hz, 4H), 7.30 (d, J=9.0 Hz, 12H), 7.14–7.20 (m, 16H), 7.03 (d, J=


9.0 Hz, 4H), 6.80 (d, J=9.0 Hz, 4H), 5.66 (s, 4H), 4.14–4.18 (m, 4H),
4.08–4.12 (m, 4H), 3.83–3.88 (m, 8H), 2.087 (s, 6H), 1.27 ppm (s, 54H);
MS (ES): m/z (%): 865.5 (100) [6+�stopper], 846.5 (45) [6CPF6


2+]; ele-
mental analysis calcd (%) for C108H126F12N2O6P2: C 70.57, H 6.91, N 1.52;
found: C 70.80, H 6.83, N 1.74.


1,4-Bis(4-hydroxymethylphenyl)-2,5-dimethylbenzene : 1,4-Dibromo-2,5-
dimethylbenzene (0.264 g, 1 mmol), 4-hydroxymethylboronic acid
(0.320 g, 2.1 mmol), toluene (2 mL), ethanol (6 mL), potassium hydrogen
phosphate (0.700 g, 5 mmol) and dichloro-1,1’-bis-(diphenylphosphinofer-
rocene)palladium dicholomethane (0.016 g, 0.02 mmol) were heated with
stirring at 70 8C for 36 h. The mixture was extracted with EtOAc and pu-
rified by column chromatography (silica gel; EtOAc) to give the product
as a white solid (0.24 g, 75%). M.p. 167 8C; 1H NMR (300 MHz, MeOH,
25 8C): d=7.40 (d, J=8.0 Hz, 4H), 7.32 (d, J=8.0 Hz, 4H), 7.10 (s, 2H),
4.67 (s, 4H), 2.23 ppm (s, 6H); elemental analysis calcd (%) for
C22H22O2: C 82.99, H 6.96; found: C 82.66, H 6.86. The product was crys-
tallised from CH3Cl/MeOH and monoclinic needles that were suitable
for X-ray diffractometry analysis were obtained.


Compound 9 : 1,4-Bis(4-hydroxymethylphenyl)-2,5-dimethylbenzene
(0.064 g, 0.2 mmol) was suspended in THF (2 mL) and phosphorus tribro-
mide (0.110 g, 0.4 mmol) was added. After stirring at room temperature
for 3 h the mixture was diluted with diethyl ether, washed with aqueous


sodium hydrogen carbonate, dried over MgSO4 and evaporated under re-
duced pressure to give 9 as a white solid (0.088 g, 100%). M.p. 172 8C;
1H NMR (300 MHz, CDCl3, 25 8C): d=7.45 (d, J=8.0 Hz, 4H), 7.34 (d,
J=8.0 Hz, 4H), 7.13 (s, 2H), 4.57 (s, 4H), 2.27 ppm (s, 6H); elemental
analysis calcd (%) for C22H20Br2: C 59.49, H 4.54, Br 35.98; found: C
59.58, H 4.28, Br 35.87.


Compound 10·2PF6 : Monocation 8·PF6 (0.050 g, 0.04 mmol) and 9
(0.045 g, 0.1 mmol) were dissolved in benzonitrile (0.2 mL) and the mix-
ture was kept at 36 8C for 2 d. The mixture was purified by column chro-
matography (silica gel; MeOH/nitromethane/saturated aqueous KPF6
80:19:1 v/v) to give 10·2PF6 as a yellow solid (0.059 g, 83%). Decomp
220–230 8C; 1H NMR (300 MHz, CD3OD, 25 8C): d=9.21 (d, J=7.0 Hz,
2H), 9.18 (d, J=7.0 Hz, 2H), 8.64 (d, J=7.0 Hz, 2H), 8.57 (d, J=7.0 Hz,
2H), 7.87–7.95 (m, 6H), 7.70–7.75 (m, 10H), 7.55–7.65 (m, 8H), 7.42–
7.58 (m, 10H), 7.31 (d, J=7.0 Hz, 2H), 7.10–7.14 (m, 2H), 5.93 (s, 2H),
4.58 (s, 2H), 4.00–4.18 (m, 12H), 2.24 (s, 6H), 1.35 ppm (t, J=7.0 Hz,
18H); 31P NMR: d=20.81 (s), �140 (septet, J=711 Hz); MS (ES): m/z
(%): 1475 (19) ACHTUNGTRENNUNG[10+]; elemental analysis calcd (%) for
C87H86BrF12N2O9P5: C 59.16, H 4.91, N 1.59; found: C 58.90, H 4.76, N
1.61.


Compound 12·3PF6: Dication 10·2PF6 (0.058 g, 0.033 mmol) and 3,3’-di-
methylbypiridyl (11, 0.016 g, 0.09 mmol) were dissolved in benzonitrile
(0.16 mL) and the mixture was kept at room temperature for 6 d. Chro-
matography (silica gel; MeOH/nitromethane/saturated aqueous KPF6
70:20:10 v/v) gave 12·3PF6 as a beige solid (0.055 g, 83%). Decomp
230 8C; 1H NMR (300 MHz, CD3OD, 25 8C): d =9.18 (d, J=6.2 Hz, 2H),
9.12 (d J=6.2 Hz, 2H,), 8.92 (s, 1H), 8.76 (d, J=6.2 Hz, 1H), 8.56–8.65
(m, 6H), 7.78–7.85 (m, 7H), 7.66–7.73 (m, 10H), 7.58–7.63 (m, 8H),
7.40–7.44 (m, 13H), 7.04 (s, 2H), 5.90 (s, 2H), 5.80 (s, 2H), 4–4.2 (m,
12H), 2.30 (s, 3H), 2.17 (s, 6H), 2.12 (s, 3H), 1.35 (t, J=7.1 Hz, 18H);
31P NMR: d=23.8 (s), �140 ppm (septet, J=711 Hz); MS (ES): m/z (%):
1869 (30) [12·2PF6+]; elemental analysis calcd (%) for C99H98F18N4O9P6:
C 58.99, H 4.90, N 2.78; found: C 58.89, H 4.66, N 2.70.


[2]Rotaxane 3·4PF6 : Trication 12·3PF6 (0.053 g, 0.026 mmol), crown
ether 7 (0.038 g, 0.071 mmol) and stopper 13 (0.038 g, 0.05 mmol) were
dissolved in benzonitrile (0.15 mL) and kept at ambient temperatures for
10 d. Chromatography (silica gel; MeOH/nitromethane/saturated aque-
ous KPF6 70:20:10 then MeOH/nitromethane/1m aqueous NH4PF6
70:20:10 v/v) followed by extraction with nitromethane gave 3·4PF6 as a
red solid (0.060 g, 69%). M.p. 160 8C; 1H NMR (500 MHz, CD3CN,
25 8C): d=9.18 (d, J=7.0 Hz, 2H), 8.98 (d, J=7.0 Hz, 2H), 8.88 (s, 1H),
8.79 (s, 1H), 8.76 (d, J=6.2 Hz, 1H), 8.69 (d, J=6.2 Hz, 1H), 8.04 (d, J=


7.0 Hz, 2H), 7.92 (d, J=7.0 Hz, 2H), 7.75–7.90 (m, 18H), 7.74 (d, J=


8.0 Hz, 6H), 7.50–7.64 (m, 10H), 7.40–7.46 (m, 4H), 7.30–7.34 (m, 6H),
7.16–7.22 (m, 10H), 7.03 (d, J=9.0 Hz, 2H), 6.80 (d, J=9.0 Hz, 2H) 6.16
(s, 8H), 5.99 (s, 2H), 5.80 (s, 2H), 5.67 (s, 2H), 4.15–4.20 (m, 4H), 4.08–
4.15 (m, 12H), 3.82–3.90 (m, 4H), 3.55–3.70 (m, 24H), 3.45–3.50 (m,
8H), 2.25 (s, 6H), 2.22 (s, 3H), 2.20 (s, 3H), 1.29 (t, J=7.1 Hz, 18H),
1.27 (s, 27H); 31P NMR: d=23.70 (s), �140 ppm (septet, J=712 Hz); MS
(ES): m/z (%): 1543.5 (100) [3·2PF6


2+]; elemental analysis calcd (%) for
C175H195F24N4O22P7: C 62.20; H 5.82; N 1.66; found: C 62.26; H 5.54; N
1.51.


Axle 4·4PF6 : Trication 12·3PF6 (0.040 g , 0.02 mmol) and 13 (0.021 g,
0.028 mmol) were dissolved in benzonitrile (0.1 mL) and kept at room
temperature for 10 d. Chromatography (silica gel; MeOH/nitromethane/
saturated aqueous KPF6 70:20:10; then MeOH/nitromethane/1m aqueous
NH4PF6 70:20:10 v/v) followed by extraction with nitromethane gave
4·4PF6 as a beige solid (40 mg, 70%). Decomp 200–210 8C; 1H NMR
(300 MHz, CD3COCD3, 25 8C): d=9.60 (d, J=7.1 Hz, 2H), 9.58 (d, J=


7.1 Hz, 2H), 9.42 (s, 1H), 9.32 (s, 1H), 9.27 (d, J=7.1 Hz, 1H), 9.18 (d,
J=7.1 Hz, 1H), 8.96 (d, J=7.1 Hz, 2H), 8.91 (d, J=7.1 Hz, 2H), 8.20–
8.24 (m, 2H), 8.04 (d, J=9.0 Hz, 2H), 7.70–7.92 (m, 22H), 7. 63 (d, J=


9.0 Hz, 2H), 7.45–7.54 (m, 12H), 7.3 (d, J=6.2 Hz, 6H), 7.10–7.14 (m,
12H), 6.82 (d, J=9.0 Hz, 2H), 6.26 (s, 2H), 6.13 (s, 2H), 5.98 (s, 2H),
4.05–4.20 (m, 16H), 3.85–3.92 (m, 4H), 2.42 (s, 3H), 2.40 (s, 3H), 2.26 (s,
6H), 1.29 (t, J=7.2 Hz, 18H), 1.28 (s, 27H); 31P NMR: d =23.70 (s),
�140 ppm (septet, J=712 Hz); MS (ES): m/z (%): 1275.8 (100)
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[4·2PF6
2+]; elemental analysis calcd (%) for C147H155F24N4O12P7: C 62.11;


H 5.50; N 1.97; found: C 61.96; H 5.50; N 1.81.


Cyclic voltammetry : All cyclic voltammograms were recorded in solution
under the following conditions: The working electrode was an isolated
platinum wire. The counter electrode was an isolated platinum foil. The
reference electrode was a non-aqueous Ag/Ag+ electrode filled with
10 mm AgNO3 in the electrolyte solution. The electrolyte solution was
tetraethylammonium hexafluorophosphate (0.05 moldm�3) in dry CH3CN
(distilled over calcium hydride). All solutions were degassed by three
freeze–thaw cycles under vacuum prior to measurement. All cyclic vol-
tammograms were recorded by using a Solartron SI 1287 potentiostat
controlled by a LabView program running on a Macintosh Power PC at a
scan rate of 10 mVs�1 unless otherwise stated.
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M. HromadovW, M. GWl, M. ValWšek, J. Pecka, J. Michl, J. Electro-


chem. Soc. 2006, 153, E179–E183; c) X. Tang, T. W. Schneider, J. W.
Walker, D. A. Buttry, Langmuir 1996, 12, 5921–5933.


[29] The relatively low reduction potential of V2 in 6·2PF6 (�1.55 V) is
possibly associated with structural folding and encapsulation of the
viologen moiety; a process that was demonstrated earlier in: F.
Marchioni, M. Venturi, P. Ceroni, V. Balzani, M. Belohradsky, A. M.
Elizarov, H.-R. Tseng, J. F. Stoddart, Chem. Eur. J. 2004, 10, 6361–
6368.


[30] a) R. C. Helgeson, T. L. Tarnowski, J. M. Timko, D. J. Cram, J. Am.
Chem. Soc. 1977, 99, 6411–6418; b) C. Stoehr, M. Wagner, J. Prakt.
Chem. 1893, 48, 1; c) E. Lestini, K. Nikitin, H. M=ller-Bunz, D. Fitz-
maurice, Chem. Eur. J. 2008, 14, 1095–1106.


Received: September 3, 2007
Published online: November 28, 2007


www.chemeurj.org D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 1117 – 11281128


K. Nikitin, J. K. Stolarczyk et al.



http://dx.doi.org/10.1016/S0022-0728(97)00198-8

http://dx.doi.org/10.1016/S0022-0728(97)00198-8

http://dx.doi.org/10.1016/S0022-0728(97)00198-8

http://dx.doi.org/10.1016/S0022-0728(97)00198-8

http://dx.doi.org/10.1002/(SICI)1521-3757(20000117)112:2%3C358::AID-ANGE358%3E3.0.CO;2-7

http://dx.doi.org/10.1002/(SICI)1521-3757(20000117)112:2%3C358::AID-ANGE358%3E3.0.CO;2-7

http://dx.doi.org/10.1002/(SICI)1521-3757(20000117)112:2%3C358::AID-ANGE358%3E3.0.CO;2-7

http://dx.doi.org/10.1002/(SICI)1521-3757(20000117)112:2%3C358::AID-ANGE358%3E3.0.CO;2-7

http://dx.doi.org/10.1002/(SICI)1521-3773(20000117)39:2%3C350::AID-ANIE350%3E3.0.CO;2-D

http://dx.doi.org/10.1002/(SICI)1521-3773(20000117)39:2%3C350::AID-ANIE350%3E3.0.CO;2-D

http://dx.doi.org/10.1002/(SICI)1521-3773(20000117)39:2%3C350::AID-ANIE350%3E3.0.CO;2-D

http://dx.doi.org/10.1021/ja057664z

http://dx.doi.org/10.1021/ja057664z

http://dx.doi.org/10.1021/ja057664z

http://dx.doi.org/10.1021/ja057664z

http://dx.doi.org/10.1016/S0022-0728(97)00198-8

http://dx.doi.org/10.1016/S0022-0728(97)00198-8

http://dx.doi.org/10.1016/S0022-0728(97)00198-8

http://dx.doi.org/10.1002/chem.200400747

http://dx.doi.org/10.1002/chem.200400747

http://dx.doi.org/10.1002/chem.200400747

http://dx.doi.org/10.1021/ja00461a038

http://dx.doi.org/10.1021/ja00461a038

http://dx.doi.org/10.1021/ja00461a038

http://dx.doi.org/10.1021/ja00461a038

http://dx.doi.org/10.1002/prac.18930480101

http://dx.doi.org/10.1002/prac.18930480101

www.chemeurj.org






DOI: 10.1002/chem.200700783


Platinum Phenanthroimidazole Complexes as G-Quadruplex DNA Selective
Binders


Roxanne Kieltyka, Johans Fakhoury, Nicolas Moitessier, and Hanadi F. Sleiman*[a]


Introduction


The targeting of key processes encountered in both cellular
ageing diseases and cancer may rest in telomeres found at
the end of eukaryotic chromosomes. Telomeres are non-
coding, highly repetitive sequences, typically 10–15kb in
humans, which are adjacent to more gene-rich sub-telomeric
regions.[1] The structure of the telomere is essentially
double-stranded, except at its 3’-terminus where it exists as
a long single strand composed mostly of guanine bases. It is
believed that this G-rich portion of the telomere folds into a
quadruplex DNA structure,[2] where four guanine bases are
held in the same plane by a Hoogsteen hydrogen bond array
(Scheme 1).[3,4] The function of the telomere is to protect


the ends of chromosomes from base pair loss and end-to-
end fusions that are encountered in replication events.[5] In
somatic cells, telomeres suffer from an “end replication
problem” where DNA polymerase cannot fully replicate the
ends of the chromosome and thus, several bases of telomeric
DNA are lost with each cell division. Eventually, the length
of the telomere is rendered insufficient, signaling the cell to
enter senescence then apoptosis. However, in cancer cells,
short telomeres are maintained by the reverse transcriptase
enzyme telomerase. Telomerase adds bases to the 3’-single
stranded overhang of the telomere such as to prevent the
critical shortening resulting from normal replication events,
leading to the immortalization of the cancer cell. Interest-
ingly, telomerase is not active in somatic cells, however it
has shown elevated levels of expression in 85–90% of can-
cerous cells.[6] As a result of this discovery, a significant
amount of research has been devoted to therapeutic antitu-
mor strategies through telomerase inhibition.[7–9]


A promising strategy involves the inhibition of telomerase
at the level of the telomere, as telomerase extends the telo-
mere through the addition of bases at the 3’-terminus. It has
been previously demonstrated that if the 3’-terminus of the
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potential to inhibit telomerase and halt
tumor cell proliferation. We here
report the synthesis of the first PtII G-
quadruplex selective molecules, con-
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telomere is sequestered by telomere binding proteins,[10, 11]


telomerase is unable to add bases,[12] thus preventing the
tumor cellKs immortalization. Moreover, small molecules
which assist in the formation of guanine quadruplexes, or se-
quester pre-existing ones through strong binding affinity
have been observed to halt telomerase activity. Thus, G-
quadruplex binding molecules have recently emerged as a
new class of potentially selective antitumor therapeu-
tics.[13–15]


In general, an effective G-quadruplex binder possesses a
large electron deficient p-aromatic surface, positively
charged substituents that can interact with the grooves of
the quadruplex, as well as a positively charged center which
can reside near the center of the guanine quartet.[16–18] Many
elegant studies on organic G-quadruplex binders have ap-
peared,[19–21] but examples involving inorganic complexes are
rare. Thus far, inorganic G-quadruplex binders have includ-
ed copper,[22] manganese,[23] and nickel porphyrins,[24, 25]


nickel salens,[18] and ruthenium bis-intercalating com-
plexes[26] in their design. Transition-metal complexes are ex-
tremely appealing as they introduce a myriad of geometries
that are unattainable for carbon, thus expanding the existing
organic G-quadruplex binder toolbox. Furthermore, these
metal-based binders present an opportunity for modular and
facile synthesis of compound libraries, in contrast to their or-
ganic counterparts, which often require time-consuming
multistep syntheses. Through simple modifications of their
coordination environment and the potential to alter their ge-
ometries, the incorporation of transition-metals into G-
quadruplex binders offers unique possibilities to enhance
binding affinity and selectivity for this DNA motif.


Platinum-intercalating complexes have been extensively
investigated in binding studies with duplex DNA.[27,28] Previ-
ously, binding constants on the order of 106


m
�1 were report-


ed for a relatively small p-surface complex, [Pt(4,4’-diphen-


yl-2,2’-bipyridyl)(ethylenedia-
mine)]2+ with duplex DNA.[29]


However, for more p-extended
complexes, such as [Pt(dipyri-
dophenazine)(ethylenedia-
mine)]2+ , surprisingly lower
binding constants, on the order
of 104


m
�1 were reported.[27]


These binding constants are
markedly lower than those ob-
served for octahedral rutheni-
um complexes possessing the
same intercalating ligand
(�106–107


m
�1),[30] which is not


as “p-extended” as the square-
planar PtII complexes. This low-
ered affinity points to a likely
size mismatch between the
large p-surface of square-planar
PtII complexes with extended
aromatic ligands and the small-
er p-surface of duplex DNA (in


addition to other possible factors such as self-aggregation
and electronic character).[31]


On the other hand, G-quadruplex DNA structures present
a planar p-extended system that is greater in size than the
duplex DNA base-pairs. We were therefore interested in ex-
ploring whether PtII complexes containing extended p-surfa-
ces would be better suited for binding to these structures.
We here report the synthesis of the first PtII G-quadruplex
selective binding complexes 2 and 3, with readily tunable
phenanthroimidazole ligands. UV/Vis, circular dichroism,
thermal denaturation, continuous variation analysis, and
competitive dialysis experiments show that increasing the
size of the p-surface in these complexes indeed leads to an
increase in binding affinity and selectivity for G-quadruplex-
es over duplex DNA structures. This result is supported by
molecular modeling studies, which in addition show end-
stacking of the complexes in an “off-center” location above
the G-tetrad, and stabilization by hydrogen bonding of the
ethylenediamine ligand to the phosphate backbone. Overall,
this study shows that combining the square-planar geometry
of PtII with extended aromatic ligands can result in a simple
method to access effective G-quadruplex selective binders
in a few synthetic steps. The modular and facile synthesis of
the phenanthroimidazole PtII scaffold is readily amenable to
library creation, and further binding optimization for use in
telomerase-based antitumor therapy.


Results and Discussion


Synthesis and characterization : The design of the PtII inter-
calating complexes includes a phenanthroimidazole ligand,
which can be readily tuned by varying the substituent at the
imidazole carbon atom. Phenyl and naphthyl moieties in
complexes 2 and 3 were used to observe if increased binding


Scheme 1. Bipyridine ethylenediamine platinum(II) (1), phenylphenanthroimidazole ethylenediamine platinu-
m(II) (2), naphthylphenanthroimidazole ethylenediamine platinum(II) (3), structure of guanine quadruplex
(4), schematic of intermolecular quadruplex d ACHTUNGTRENNUNG(T4G4T4)4 (5)
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can be achieved through a more hydrophobic and extended
p-surface (Scheme 1). The phenyl- and naphthyl-derivatized
phenanthroimidazole ligands were synthesized by the con-
densation of 1,10-phenanthroline-5,6-dione with the aromat-
ic (phenyl or naphthyl) aldehyde.[35] These ligands were al-
lowed to react with potassium tetrachloroplatinate to give
[Pt(phenanthroimidazole)Cl2], followed by treatment with
ethylenediamine, resulting in complexes 2 and 3. For com-
parison, [Pt ACHTUNGTRENNUNG(bpy)(en)]2+ (1), which has been previously
shown to bind to duplex DNA by intercalation through a
significantly less extended p-system than 2 and 3 was also
synthesized and studied.


UV/Vis absorption spectra of complexes 2 and 3 and their
respective ligands were recorded prior to the addition of
calf-thymus DNA in a 3% DMSO/phosphate buffer solu-
tion. UV/Vis spectra for complex 2 showed a strong absorp-
tion at 279 nm, a shoulder at 305 nm, and a weak absorption
at 400 nm. Both peaks at 279 nm and 305 nm are correlated
with a ligand-centered p–p* transition, and the weak ab-
sorption at 400 nm is assigned to a PtII dp–p* metal-to-
ligand charge transfer band (MLCT). Complex 3 showed a
strong absorbance at 253 nm and a peak at 302 nm, which
are assigned to a ligand-centered p–p*, as well as a weak
transition at 401 nm correlated with a PtII dp–p* MLCT
band (see the Supporting Information). UV/Vis spectra of
the phenyl and naphthyl ligands of complexes 2 and 3
showed features similar to those of the complexes, with the
exception of the MLCT transitions. Fluorescence spectra
were measured for complex 3 and its naphthyl ligand.[36] A
weak fluorescence at 417 nm was observed for the naphthyl
ligand upon excitation at 330 nm, and weak fluorescence
was observed as well for complex 3 under the same condi-
tions.[37]


Duplex binding studies : DNA binding studies were conduct-
ed with the hexafluorophosphate salts of complex 2 and 3.
Molar extinction coefficients of complexes 2 and 3 to be
used in the DNA binding experiments were calculated,
using the shoulders at 305 nm and 302 nm, respectively
(Table 1).


UV/Vis binding titrations : The changes in absorbance of a
DNA intercalator are commonly used to assist in the deter-
mination of its binding mode and binding affinity. The hypo-


chromicity in the absorbance spectrum of the intercalator
arises from the alteration of its electric transition dipole
moment upon intercalation to DNA. Upon titration with
calf-thymus DNA, complex 2 demonstrated significant hypo-
chromicity of 34.8%, and an 8 nm red shift of the p–p*
band at 305 nm (Figure 1). Complex 3 showed slightly stron-


ger hypochromicity, 42.1%, and a greater red shift of the p–
p* band at 302 nm of 16 nm. It is well documented that
upon intercalation significant hypochromism, broadening,
and red shift of the absorbance bands occurs.[38] Based on
these previous observations, our data suggests that both
complexes 2 and 3 bind to calf-thymus DNA through an in-
tercalative mode.


Binding constants, K, were determined from a reciprocal
plot of D/Deap versus D, using Equation (1).[34]


D=Deap ¼ D=De þ 1=ðDe�KÞ ð1Þ


In Equation (1), DNA is expressed in base pairs, the ap-
parent molar extinction coefficient eA =Aobs/ ACHTUNGTRENNUNG[complex],
Deap = jeA�eF j and De= jeB�eF j with eB and eF representing
the molar extinction coefficients of bound PtII complex that
is intercalated within the DNA duplex, and free PtII com-
plex that is in solution, respectively. Using values obtained
for the slope and the y-intercept from the linear fit of the re-
ciprocal plot of D/Deap versus D [Eq. (1)] was solved to give
the intrinsic binding constant, K. The binding constant
values are listed in Table 1.[39]


Both complexes 2 (K=1.65N105
m
�1) and 3 (K=2.80N


105
m
�1) show moderate binding to calf-thymus DNA, with


complex 3 showing a slightly higher binding affinity. Compa-
ratively, the experimentally determined binding affinities
are in the average range for most reported platinum metal-
lointercalators but, are substantially lower than those ob-
served for their ruthenium counterparts with similar p-ex-
tended ligands, such as [Ru ACHTUNGTRENNUNG(dppz) ACHTUNGTRENNUNG(phen)2]


2+ (K�107
m
�1).[40]


Complexes 2 and 3 show higher binding affinities to duplex
DNA than the large p-surface complexes, [Pt ACHTUNGTRENNUNG(dppz)(L)]


Table 1. Molar extinction coefficients of PtII complexes, spectral shifts
and binding affinity with the addition of calf-thymus DNA.


Complex Molar
extinction
coefficient
ACHTUNGTRENNUNG[m�1 cm�1]


(%) Hypo-
chromicity


Red
shift
[nm]


K [m�1 cm�1][a]


1[b] 16000 49.0 5 1.00N104


2[c] 25626 34.8 11 1.65N105


3[d] 20134 41.8 16 2.80N105


[a] Error 2=3.11N104
m
�1; error 3=5.90N104


m
�1. [b] Data previously re-


ported by Cusumano and co-workers.[28] [c] Binding constant measured at
305 nm. [d] Binding constant measured at 302 nm.


Figure 1. UV/Vis titration of complex 3 (20 mm) in phosphate buffer so-
lution with the addition of aliquots 1 mL of calf-thymus DNA.
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(K=104
m
�1) studied by Che and co-workers[27] but demon-


strate lower binding affinity than small p-surface PtII com-
plexes such as [Pt(4,4’-phenyl-2,2’-bipyridine)] (K=


106
m
�1).[41] As mentioned earlier, this data suggests that the


large p-surface of many platinum intercalators, such as 2
and 3, is potentially less suitable for binding to duplex DNA
and a more favorable target may be the larger p-surface of
the guanine quartet.


Thermal denaturation studies : Stabilization of the duplex
structure through DNA intercalation is usually reflected in a
significant increase of the DNA melting temperature. Ther-
mal denaturation of calf-thymus DNA was performed with
several different DNA binders, including ethidium bromide,
complexes 1–3, in a low ionic strength phosphate buffer.
The Tm for calf-thymus DNA without any of the intercala-
tors was 57.4 8C. Upon addition of any of the above DNA
intercalators, an increase in the melting temperature of calf-
thymus DNA was observed. Ethidium bromide demonstrat-
ed the lowest increase of 6.2 8C and complex 2 showed the
greatest Tm increase of 15.7 8C (Table 2). Interestingly, the
Tm of DNA with complex 3 is less than that of complex 2,
and this could be explained by a perturbation of the duplex
structure upon intercalation of the bulkier naphthyl ligand.
Both complexes 2 and 3 increase the melting temperature of
DNA by more than 10 8C, consistent with the behavior of
previously reported DNA intercalators. Thus, the binding
mode of these complexes is most likely through intercala-
tion.


Under the experimental conditions used, biphasic behav-
ior was observed in all intercalator/DNA thermal denatura-
tion profiles, with complex 3 demonstrating this effect most
strongly. As a result, it was challenging to obtain accurate
melting temperature data from first derivative curves. In-
stead, an average melting temperature was estimated
through determination of the average of the melting profiles
within the biphasic curves. This biphasic behavior has been
reported previously with other DNA intercalators[42] and
most likely results from their non-homogeneous, sequence-
selective aggregation along the duplex. This mode of aggre-
gation would give rise to two observable transitions, a first
melting transition resulting from the fraction of the duplex
that does not contain the intercalator and a second transi-
tion arising from the segment of DNA containing the inter-
calator.


CD studies : Circular dichroism spectra can provide insight
into the orientation of a DNA binder within the duplex.
Upon binding to B-DNA, a circular dichroic peak can be in-
duced in an achiral DNA binder through either perturbation
of its molecular geometry or through electric or magnetic in-
teractions with the duplex. Based on the magnitude and sign
of the induced circular dichroic (ICD) peaks, groove binding
or intercalative interactions can be inferred. Typically,
groove binding[43] molecules show strong positive ICD peaks
arising from transition moments aligned along the groove,
whereas intercalators[44] show weaker positive or negative
signals.


CD spectra were recorded with calf-thymus DNA using a
1:10 ratio (intercalator to DNA in base pairs) at room tem-
perature. Low drug binding ratios and ionic concentrations
were used so that ICD spectra observed are due to DNA in-
teractions and not to interactions amongst aggregated chro-
mophores. Typically, ICD spectra are observed in the region
of 300–500 nm so as not to overlap with DNA. However,
most of the p–p* transitions of complexes 1, 2, and 3 in the
UV spectrum are slightly above 300 nm and thus, are close
to the region where the DNA signature is observed. As a
result, to obtain the ICD spectrum, CD spectra of the DNA
duplex were subtracted from those containing the DNA
binder (Figure 2).


A positive ICD signal was observed in the CD spectrum
of 1 with calf-thymus DNA at 309 nm. The location of this
signal is in agreement with the peak observed in the 300 nm
region of the absorbance spectrum of 1 without any DNA
present. Both complexes 2 and 3 show weakly positive ICD
signals in the regions of their red-shifted p–p* ligand-cen-
tered transitions in the UV/Vis titrations with DNA, at 312
and 316 nm respectively (Figure 2). Moreover, additional
weakly positive signals are observed for both complexes in
the region of 425 nm, which are attributed to the MLCT
bands of the complexes, as observed in the UV/Vis spectra.
The presence of weak ICD signals in the CD spectra for all
PtII complexes tested, upon addition of DNA, is indicative


Figure 2. ICD spectra of PtII intercalators (10 mm) with calf-thymus DNA
(100 mm); complex 1 (c), complex 2 (a), and complex 3(g).


Table 2. Average Tm and DTm for CT-DNA (78 mm) in 1 mm NaH2PO4/
Na2HPO4 and 2 mm NaCl, in the presence of various DNA intercalators
(7.8 mm).


Tm [8C] DTm [8C]


calf-thymus DNA 57.4 –
ethidium bromide 63.6 6.2
1 68.1 10.7
2 73.1 15.7
3 71.0 13.6
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of an intercalative mode of interaction with the DNA
duplex.


Quadruplex binding studies : A standard 12-mer intermolec-
ular quadruplex DNA forming sequence, (T4G4T4), was used
to evaluate the degree of interaction of the PtII complexes
with this nucleic acid structure. A G-quadruplex was pre-
pared as previously reported[22] and its structure was verified
by observation of the intermolecular quadruplex DNA CD
signature.


UV/Vis binding titrations : UV/Vis binding titrations were
performed to determine the binding affinity of complexes 1–
3 to the intermolecular G-quadruplex. A quadruplex DNA
sample was added in aliquots sequentially to complex solu-
tions, with absorbance spectra recorded after each addition.
In the case of complex 1, a more concentrated quadruplex
DNA solution was necessary to achieve measurable binding.
Ten minutes were allowed between additions to ensure that
equilibrium between the PtII complexes and quadruplex
DNA could be reached, and the acquisition of spectra was
halted when absorbance of the peak of interest stabilized.
All complexes showed hypochromicities of greater than
32%, comparable to other G-quadruplex intercalators
found in the literature. Complex 1 demonstrated the small-
est red shift, and complexes 2 (Figure 3) and 3 demonstrated
more substantial red shifts of 7 and 16 nm, respectively
(Table 3). The substantial increase in the values across the
series of complexes 1–3 suggests strong binding to the ends
of the G-quadruplex through increased p-stacking interac-
tions as the p-surface of the complex increases.


Absorbance data collected during the titration was treated
with Equation (1),[34] to give the binding constants in
Table 3.[25,45] Complex 1, which possesses the smallest p-sur-
face, shows the lowest binding affinity to quadruplex DNA
(K=1.75N105


m
�1) and is on the lower end of the range of


most G-quadruplex binders.[17,22,24, 26] Complexes 2 and 3
demonstrate significantly stronger binding affinity to quad-


ruplex DNA than complex 1, with binding constants in the
range of 106–107, falling in the upper range of binding affini-
ties reported for transition-metal and organic-based quadru-
plex DNA binders.[17,22, 24,26] All complexes tested demon-
strate stronger binding to quadruplex DNA over duplex
DNA by at least an order of magnitude; however, com-
plexes 2 and 3 show the greatest preference for the quadru-
plex DNA structure with nearly two orders of magnitude
difference in the case of complex 3. This increase in binding
affinity by the phenanthroimidazole-based PtII complexes is
likely a result of a greater p-surface match between these
extended complexes and the quadruplex DNA surface, and
increased p–p stacking interactions and van der Waals con-
tacts.


Continuous variation analysis: Continuous variation analysis
(Job Plot) was used to determine the binding stoichiometry
of the platinum complexes with quadruplex DNA. From the
intersection points obtained in the Job Plot (Figure 4), bind-


ing stoichiometries for complexes 1, 2, and 3 were obtained.
The PtII complexes demonstrated binding stoichiometries on
the order of two platinum complexes per quadruplex.


For the intermolecular G-quadruplex target used in this
study, the main mode of interaction is thought to occur
through end-stacking, and not intercalation within the quad-
ruplex. The observed binding stoichiometry is consistent
with this mechanism, as there are two binding sites between


Figure 3. UV/Vis titration of complex 3 (20 mm) in phosphate buffer solu-
tion with the addition of 1 mL aliquots of G-quadruplex DNA.


Figure 4. Job plot of PtII intercalators with quadruplex DNA, total con-
centration maintained between 5–10 mm ; complex 1(*), 2(~) and 3(&).


Table 3. Spectral shifts and binding constants of PtII complexes upon ad-
dition of quadruplex DNA.


Complex K [m�1 cm�1][a] (%) hypo-
chromicity


Red shift
[nm]


1 1.75N105 39.8 2
2 1.39N106 32.4 7
3 1.32N107 34.7 16


[a] Error 1=1.50N104; error 2=1.78N105; error 3=8.67N105.
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the ends of the guanine tetrads and the start of the thymine
tetrads on both sides of the quadruplex DNA in the T4G4T4


sequence.


CD studies : CD experiments[46] were conducted to provide
insight into the stability of the G-quadruplex/PtII complexes.
Samples containing G-quadruplex alone, as well as this
structure with complexes 1, 2 and 3 were prepared, and the
quadruplex DNA CD signature was recorded at 240 and
260 nm.[47] A slight decrease at 260 nm and a slight increase
at 240 nm in the CD signature of the intermolecular quadru-
plex solution are observed with complexes 2 and 3 prior to
heating, which likely indicates a slight perturbation of the
quadruplex DNA secondary structure as a result of end-
stacking (Figure 5).


Samples were then heated to 90 8C for 10 min, cooled for
about 3 h, and their CD spectra were recorded again. For
the quadruplex DNA without any intercalator, a red shift of


the positive peak at 260 nm to 273 nm with substantial de-
crease in its intensity, and an increase of the negative peak
with a slight blue shift at 243 nm to 249 nm are observed
(Figure 6). This change in the CD signature suggests a sig-
nificant disruption in the quadruplex structure, and is consis-
tent with previous observations of slow re-association kinet-
ics after thermal denaturation of intermolecular DNA quad-
ruplexes.[47,48] In the samples with complex 1, the G-quadru-
plex signature is only partially maintained after heating/
cooling, with a slightly greater signal at 270 nm than the free
quadruplex. On the other hand, in the samples containing
complexes 2 or 3, the structure of the quadruplex DNA is
almost entirely maintained after heating/cooling and the
magnitude of the signature is comparable to that of the
quadruplex DNA and intercalator complex prior to heating.
This data suggests significant stabilization of G-quadruplex
structures with the phenanthroimidazole PtII complexes to a
sufficient degree that thermal denaturation is inhibited, and
is consistent with their strong binding affinity to this motif.


Competitive dialysis : Competitive dialysis experiments were
performed to evaluate the relative binding preference of PtII


intercalators 1–3 for intermolecular quadruplex DNA versus
calf-thymus duplex DNA (Figure 7).[49] Nucleic acid samples


were incubated with the DNA binder (5–10 mm concentra-
tion) for 24 h.[49,50] All PtII intercalators demonstrated in-
creased preference for quadruplex over duplex DNA, as al-
ready demonstrated with the UV/Vis studies (see above).
Of note, however, is that more than a fivefold higher con-
centration of complex 1 was necessary to observe any UV/
Vis signal for bound complexes, and the bound concentra-
tions with both duplex and quadruplex DNA were low. This
result is consistent with the lower binding affinity of this
complex to the DNA structures. Complexes 2 and 3, on the
other hand, show significantly greater concentration of
bound species, and dramatic preference for quadruplex over
duplex DNA (34.6 mm and 49.4 mm with g-quadruplexes com-
pared with 6.4 mm and 8.3 mm for calf-thymus DNA).


Figure 5. CD spectra of intermolecular G-quadruplex/PtII complexes
prior to heating.


Figure 6. CD spectra of intermolecular G-quadruplex before heating and
G-quadruplex with PtII complexes after heating.


Figure 7. Competitive dialysis experiments summary; ligand concentra-
tion at 1 mm and nucleic acid concentration at 75 mm. Data was scaled to
a 1 mm ligand concentration for comparison.
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It is of note that while competitive dialysis is useful as a
rapid tool to measure the relative binding affinity of a DNA
intercalator to a large number of different nucleic acids in a
single experiment, equilibrium dialysis data has been found
to be less reliable than other spectroscopic methods for ob-
taining absolute binding constants.[49–52] Nevertheless, we
were interested to test whether this method is able to repro-
duce the general binding trends obtained from the UV/Vis
data above. Data was fitted to Equation (2), where Cb is the
amount of PtII complex bound, Stot is the total concentration
of nucleic acid in either base pair or tetrad, and Cf is the
concentration of the unbound PtII complex.


Kapp ¼ Cb=Cf*ðStot�CbÞ ð2Þ


Using Equation (2), binding constants obtained for com-
plexes 1, 2, and 3 to B-DNA were comparable to those ob-
tained in UV/Vis titration experiments (Table 4). Binding


constants to G-quadruplexes by the PtII intercalators were
determined to be an order of magnitude higher than to B-
DNA, consistent with the trends obtained from the UV/Vis
titration experiments. Thus, competitive dialysis clearly
shows a significant binding preference to the G-quadruplex
motif over duplex DNA for complexes 2 and 3, consistent
with optimized matching of this surface with the extended
p-surface of G-tetrads.


Molecular modeling studies : Although challenging, molecu-
lar modeling of transition-metal complexes within the G-
quadruplex structure can provide insight into the types of in-
teractions between the DNA binder and the nucleic acid
structure. In a first step, force field parameters for the metal
complex were developed and a starting open structure of
the G-quadruplex was prepared. This structure was con-
structed and refined by using a combination of molecular
dynamics simulations and optimizations through energy
minimization (see Experimental Section). Once the transi-
tion-metal complex and the nucleic acid structure were pre-
pared, the metal complex was inserted into the G-quadru-
plex structure. In a subsequent step, a local conformational
sampling was performed to optimize the G-quadruplex/
DNA intercalator system. From this computational investi-
gation, a binding mode of the platinum complex was ob-
tained in which this complex resides between a thymine and
guanine tetrad in the sequence (T4G4T4)4. From previous
modeling studies,[18] it has been shown that the metal center
of the transition-metal complex resides above the center of
the G-tetrad structure. However, our modeling investigation
of complexes 2 and 3 depicts a different binding picture,
where the platinum atom is off-center due to the presence
of three unforeseen hydrogen bonds between the ethylene-
diamine ligand and the DNA phosphate backbone
(Figure 8). A closer look at the modeled structure also re-
veals a p-stacking interaction between the large aromatic
system of the platinum intercalator and three guanine and
thymine bases of both tetrads. Moreover, the predicted
structure of the intercalator/G-quadruplex complex also in-
dicates that most of the p-stacking interaction occurs with
one thymine base (bottom right, Figure 8) and one guanine
base (top left, Figure 8) in each tetrad. From this model, it is
clear that truncating the aromatic system of the platinum in-
tercalator would lead to a drop of this aromatic stacking in-
teraction. Therefore, the predicted model suggests that a


Table 4. Binding affinities for PtII complexes with calf-thymus and quad-
ruplex DNA as determined by equilibrium dialysis experiments.


Complex Duplex DNA
K [m�1]


Quadruplex DNA
K [m�1]


1[b] 2.72N104 1.11N105


2[c] 1.06N105 2.98N105


3[d] 1.19N105 7.63N105


Figure 8. Predicted interaction between complex 3 and the intermolecular G-quadruplex. The platinum complex is in gray, while the G-tetrad is shown in
burgundy, and the T-tetrad is in green. Hydrogen bonding between complex 3 and the G-quadruplex is depicted by the dashed lines (top view, left; side
view, right). Hydrogen atoms are omitted for clarity.
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greater p-surface in the G-quadruplex binder would result
in higher binding affinity to this DNA motif. This model is
supported by UV/Vis titration experiments with a significant
increase in K observed upon the increase of the p-surface
from the bipyridine to the phenanthroimidazole ligand.


Conclusion


In summary, we have reported the first synthesis, biological,
and molecular modeling studies of a series of PtII intercala-
tors with duplex and quadruplex DNA. For these studies,
the small platinum molecule [Pt ACHTUNGTRENNUNG(bpy)(en)]2+ (1), as well as a
new class of more p-extended PtII phenanthroimidazole in-
tercalators, containing phenyl (2) and naphthyl (3) substitu-
ents were synthesized. UV/Vis titration, thermal denatura-
tion, and circular dichroism experiments show that com-
plexes 2 and 3 bind to calf-thymus B-DNA (�105


m
�1)


through an intercalation mechanism. Spectroscopic titration
and competitive dialysis studies show significantly greater
binding affinity and selectivity for quadruplex over duplex
DNA structures for complexes 2 and 3, with complex 3 dis-
playing almost two orders of magnitude binding preference
to quadruplex DNA (�107


m
�1). Circular dichroism experi-


ments demonstrate that the larger PtII complexes 2 and 3
significantly increase the stability of the G-quadruplex to-
wards thermal denaturation, while the smaller complex 1
only partially maintains the quadruplex structure after heat-
ing. Molecular modeling studies of the platinum intercala-
tors support the preference of the phenanthroimidazole
platinum intercalator for the intermolecular G-quadruplex
structure through favorable p-stacking interactions, and
reveal additional hydrogen bonding interactions between
the ethylenediamine ancillary ligand and the phosphate
backbone. Our studies thus indicate strong binding of
square planar PtII intercalators to G-quadruplexes as their
p-surface increases, and significant preferential binding and
stabilization of quadruplex versus duplex DNA. While PtII


complexes with aromatic ligands have long been studied as
duplex DNA intercalators, this is the first evaluation of their
potential as G-quadruplex binders. Overall, this work points
to a simple method to design effective G-quadruplex bind-
ers, through combination of square planar PtII with extended
aromatic ligands, to provide a p-surface that is more com-
patible with the larger G-quartet motif. Considering the
wealth of readily obtained aromatic ligands, and the ability
to easily vary the ancillary ligands on PtII complexes, this ap-
proach is amenable to rapid library creation of G-quadru-
plex binders of high affinity and selectivity for this motif.
Future studies to determine the efficacy of these compounds
to target the human quadruplex structure and inhibit telo-
merase are underway.


Experimental Section


Materials : All chemicals were used as received from Sigma-Aldrich with-
out further purification for synthesis of the ligands, their respective com-
plexes and buffer solutions. [Pt ACHTUNGTRENNUNG(bpy)(en)]ACHTUNGTRENNUNG[PF6]2(1) was synthesized using
a previously reported literature procedure.[32] Platinum complexes, once
synthesized, were stored in DMSO prior to addition and added to DNA
containing solutions in DMSO such that the total DMSO content was
3%.


Calf-thymus DNA was purchased from Sigma-Aldrich and dissolved
overnight in a 1 mm Na2HPO4/NaH2PO4 and 20 mm NaCl solution for
UV/Vis studies. For melting temperature studies calf-thymus DNA was
dissolved in 1 mm Na2HPO4/NaH2PO4 and 2 mm NaCl. Calf-thymus
DNA was quantified by measuring absorbance at 260 nm using the fol-
lowing previously determined molar extinction coefficient, e=


6600m
�1 cm�1.[33] The 12-mer sequence used to generate the model quad-


ruplex (dTTTTGGGGTTTT) was purchased from Sigma Genosys and
dissolved in 10 mmK2HPO4/KH2PO4 and 49 mm KCl. Owing to the im-
mediate hybridization of quadruplex structure under the buffer condi-
tions, a molar extinction coefficient for the quadruplex was determined.
Absorbances at 260 nm were measured for quadruplexes at 25 8C and at
90 8C. Using the molar extinction coefficient of the single stranded 12-
mer; e =106400m


�1 cm�1, the concentration of the quadruplex was calcu-
lated. For competitive dialysis studies, Pierce slide-a-lyzer mini-dialysis
kits (MWCO 3500 Da) were purchased from Fischer Scientific.


UV/Vis studies : Absorption spectra were recorded on a Cary 300 bio
UV/Vis spectrophotometer. For UV/Vis binding measurements with calf-
thymus DNA, a buffer solution of 1 mm Na2HPO4/NaH2PO4 and 20 mm


NaCl was used. UV/Vis spectra were recorded after each addition of con-
centrated DNA solution ACHTUNGTRENNUNG(1 mL) in base pairs, to 10–20 mm PtII complex sol-
utions in a 1-cm path length quartz cuvette. The same procedure was re-
peated with quadruplex DNA in order to obtain binding data. Binding
data was then treated with Equation (1)[34] see results and discussion
below.


Continuous variation analysis : Continuous variation analysis was per-
formed according to a previously reported literature procedure.[22] Stock
solutions from 5–20 mm of complexes 1, 2, and 3 were prepared. The cor-
responding quadruplex DNA solutions were made to match the concen-
tration of the stock solutions in 10 mmK2HPO4/KH2PO4, and 49 mm KCl
at pH 7.1. The total concentrations of the complex solutions were main-
tained at the value of the starting stock solution throughout the titrations.
Wavelengths for each complex similar to those monitored in the UV/Vis
titrations were used. Absorbance difference spectra were collected from
200 nm to 500 nm with quadruplex DNA at the concentration being mea-
sured as the reference. Linear regression analysis was performed in Sig-
maPlot for each set of data points.


Melting temperature studies : UV melting studies were also performed on
the Cary 300 bio equipped with thermostatically controlled cell holder
heated by a circular water bath. DNA/PtII complex solutions (10:1 ratio
of DNA in base pairs to PtII complex at a concentration of 7.8 mm) were
dissolved in a 1 mm Na2HPO4/NaH2PO4 and 2 mm NaCl buffer solution.
These solutions were heated from 5 8C to 95 8C at a rate of 0.5 8Cmin�1


and monitored continuously at 260 nm. Tm values were determined from
plots of absorbance versus temperature.


CD spectroscopy : CD spectra were recorded on a JASCO J-810 spectro-
photometer. For duplex DNA experiments, samples of the DNA/PtII


(10:1 ratio DNA in base pairs to PtII complex at a concentration of
10 mm)) complex were dissolved in a 1 mm Na2HPO4/NaH2PO4 and 2 mm


NaCl buffer and placed in a 0.1-cm path length quartz cuvette. Each
spectrum was collected from 350 nm to 220 nm at a scan speed of
100 nmmin�1. In addition, each spectrum collected was an average of
three scans and a spectrum of the corresponding buffer were subtracted
from that of the sample. A CD spectrum of calf-thymus DNA in buffer
was used as a blank and then subtracted from the DNA/intercalator
sample to obtain the ICD spectrum. ICD data was smoothed using the
means-movement function in the JASCO graphing software.
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For the quadruplex experiments, samples were dissolved in the same
buffer as for the duplex experiments. Spectra were recorded under the
same conditions for the duplex experiments except samples were pre-
pared as a 1:1 ratio of quadruplex in tetrad to PtII at a concentration of
34.8 mm. Samples were heated to 95 8C for 10 min and then cooled over
2–3 h at room temperature. CD spectra were collected before and after
heating at room temperature.


Competitive dialysis : A dialysis solution containing a 10 mm solution of
the PtII complex (80 mL), 200x the total amount of nucleic acid to be
tested, in a 1 mm NaH2PO4/Na2HPO4 and 2 mm NaCl buffer (pH 7.0) was
prepared. Nucleic acids to be dialysed against the PtII complexes were
prepared to be 75 mm in either base pair or base quartet in buffer
(200 mL). The dialysis units were positioned slightly above the dialysis so-
lution within the beaker and were covered with parafilm and aluminum
foil. The setup was then allowed to equilibrate for 24 h with stirring at
room temperature. After equilibration, the dialysis solution (180 mL) was
added to a microcentrifuge tube along with a 10% (w/v) SDS solution
(20 mL) to give a final concentration of 1% SDS. The SDS treated solu-
tions and the dialysis buffer containing the PtII complex were then ana-
lyzed by UV/Vis spectroscopy after 10 min to determine the amount of
intercalator present inside and outside of the dialysis bag.


Synthesis of naphthylphenanthroimidazole (PIN) ligand : The naphthyl
derivatized ligand was synthesized using the procedure as outlined by
Steck and Day.[35] Column conditions were modified, so the mixture was
first eluted with a hexanes/ethyl acetate mixture (70:30) to remove start-
ing material and the product was then eluted with a dichloromethane/
methanol mixture (97:3). The product was then evaporated to yield an
oily residue. A small amount of CHCl3 was added to precipitate the
product as a pale yellow solid. Yield: 29% 1H NMR (500 MHz,
[D6]DMSO): d=9.111 (d, 1H), 9.047(br. d, 2H), 8.958 (br. s, 2H), 8.125
(m, 2H), 8.069 (d, 1H), 7.863 (m, 2H), 7.737 (t, 1H), 7.681 (t, 1H),
7.633 ppm (t, 1H); 13C NMR (300 MHz, [D6]DMSO): d=123.556,
124.092, 124.403, 125.035, 125.371, 126.119, 126.522, 127.280, 127.445,
128.094, 128.496, 130.138, 130.229, 130.691, 133.733, 135.466, 135.731,
136.789, 143.162, 147.872, 150.770, 150.771, 151.047 ppm; MS (ESI, 90
MeOH: 10 DMSO): m/z (%): calculated 346.12185, found 347.12873
([M+1]).


Synthesis of PIPPtCl2 : The phenylphenanthroimidazole ligand was syn-
thesized by using the procedure as outlined by Steck and Day.[34] K2PtCl4


(215 mg, 5.18 mmol) was first dissolved in DMSO (3 mL) and distilled
water (1 mL) and heated to near boiling. This hot solution was added to
a hot solution of phenylphenanthroimidazole (153 g, 5.18 mmol) in
DMSO (5 mL). The reaction mixture was allowed to cool overnight and
then vacuum-filtered. The yellow dichloride product was washed with
water to remove excess K2PtCl4, a small amount of ethanol, and diethyl
ether to dry the product. Yield: 79% 1H NMR (300 MHz, [D6]DMSO):
d=9.657 (d, 2H), 9.289 (d, 2H), 8.293 (d, 2H), 8.223 (t, 2H), 7.613 ppm
(m, 3H); MS (ESI, CH3CN and NaI): m/z (%): calculated 561.00868,
found 582.99579 ([M++Na+]) with 194Pt.


Synthesis of PINPtCl2 : The same procedure was used as for the synthesis
of PIPPtCl2, except (102 mg, 0.294 mmol) of the naphthylphenanthroimi-
dazole ligand and (122 mg, 0.294 mmol) of K2PtCl4 were used. Yield:
82% 1H NMR (500 MHz, [D6]DMSO): d=9.613 (d, 2H), 9.294 (d, 2H),
9.068 (d, 1H), 8.166 (4H), 8.105 (d, 1H), 7.778 (t, 1H), 7.683 ppm (m,
2H); MS (ESI, CH3CN and NaI): m/z (%): calculated 611.02433, found
634.01243 ([M++Na+]) with 194Pt.


Synthesis of [(PIP)Pt(en)] ACHTUNGTRENNUNG[PF6]2 (2): Ethylenediamine (106 mL,
1.57 mmol) was added to a suspension of (PIP)PtCl2 (88.5 mg,
0.157 mmol) in ethanol (20 mL). The reaction mixture was refluxed for
3 h and a small amount of distilled water was added to the reaction mix-
ture until the solution turned a clear red color. The reaction mixture was
then gravity filtered to remove any unreacted material, and ammonium
hexafluorophosphate was added to precipitate the off-yellow product.
The product was filtered on a glass frit and washed with a small amount
of ethanol and diethyl ether. Yield: 62% 1H NMR (500 MHz,
[D6]DMSO): d=9.224 (d, 2H), 9.055 (br s, 2H), 8.302, (br s, 2H), 8.247
(d, 2H), 7.662 (br s, 2H), 7.616 (d, 1H), 6.920 (br s, 4H), 2.779 ppm (br s,
4H); 13C NMR (500 MHz, [D6]DMSO): d=47.215, 126.497, 129.107,


129.307, 130.649, 134.576, 144.494, 149.653, 153.082 ppm; MS (ESI,
CH3CN, trace of H2O and formic acid): m/z (%): calculated [M�2PF6]


2+


275.56986, found 275.56913 with 195Pt.


Synthesis of [(PIN)Pt(en)] ACHTUNGTRENNUNG[PF6]2 (3): Complex 3 was prepared in the
same manner as complex 2 except (PIN)PtCl2 (69.8 mL, 0.098 mmol) and
ethylenediamine (60.1 mg, 0.98 mmol) was used. Yield: 65% 1H NMR
(500 MHz, [D6]DMSO): d=9.455 (dd, 2H), 9.082 (d, 2H), 9.080 (m,
1H), 8.324 (dd, 2H), 8.211 (d, 1H), 8.157 (d, 1H), 8.123 (d, 1H), 717.796
(t, 1H), 7.692 (m 2H), 6.936 (br s, 4H), 2.804 ppm (br s, 4H); 13C NMR
(300 MHz, [D6]DMSO): d =47.251, 125.332, 125.775, 126.333, 126.455,
126.606, 127.359, 128.348, 128.658, 130.102, 130.879, 133.526, 134.667,
144.378, 149.604, 152.997 ppm; MS (ESI, CH3CN, trace of H2O and
formic acid): m/z (%): calculated [M�2PF6]


2+ 300.577685, found
300.57691 with 195Pt.


Molecular modeling of the quadruplex/Pt complex system : The initial
quadruplex structure was constructed from the reported NMR structure
of a quadruplex DNA made of four DNA (5’-
D(*TP*TP*GP*GP*GP*GP*T)-3’) units (PDB code: 139D). Two layers
of thymines were added on the 5’-end using InsightII as a graphical inter-
face to more accurately represent the experimental system. Subsequently,
the PtII complexes were constructed and optimized through B3LYP den-
sity functional theory computations at the B3LYP/LACV3P* level of
theory. Specific PtII force field parameters were developed from single-
point DFT computations of various distorted structures of the PtII com-
plex at the B3LYP/LACV3P**+ level of theory. LACV3P** + is a
triple-z basis set with polarization and diffuse functions on all atoms
except hydrogens. The standard triple-zeta 6–31G basis set is used for all
light elements and the Los Alamos non-relativistic effective core poten-
tial was used for PtII. All DFT computations were performed using the
Jaguar7.0 program package. The developed force field parameters were
incorporated into the Generalized Amber Force Field (GAFF). The plat-
inum complex atomic partial charges were derived from the atomic elec-
trostatic potential.


Construction and refinement of the DNA/Pt complex system : Manual in-
tercalation of the platinum complex within the homologated quadruplex
was initially performed. Three potassium ions were added in the central
channel between each of the G-tetrads,[3] and the resulting system was
neutralized by addition of 27 K+ ions. These ions were added at the most
negative locations as computed by the leap program and an additional 5
KCl molecules were added to simulate the ionic medium. After the addi-
tion of K+ ions, a periodic truncated octahedron box of water was added
corresponding to 10068 TIP3P water molecules. Stepwise relaxation was
then performed with the slow relaxation of the entire system commenc-
ing with the water molecules. In a subsequent step, the entire system was
fully minimized by using large constraints on the DNA heavy atoms and
iterated through the gradual decrease of constraints on these atoms. For
this purpose, the Sander program within the AMBER8.0 suite of pro-
grams was used with a combination of the parm99 force field for the G-
quadruplex and GAFF for the PtII complex. A combination of 5000 steps
of conjugate gradients minimization and 10000 steps of molecular dy-
namics at gradually increasing temperatures was used to relieve strain
within the system This minimization/MD simulation procedure was iter-
ated five times at 100 K, eight times at 200 K, and ten times at 300 K,
with the use of Berendsen temperature-coupling algorithm and the
SHAKE algorithm for all hydrogen atoms with 1 fs time steps. A cutoff
of 11 Q was used for the computation of the van der Waals and electro-
static interactions. As these systems are highly charged, the long-range
electrostatic interactions should be carefully computed. The Particle
Mesh Ewald summation term was enabled with the automatically defined
parameters. To maintain the integrity of the quadruplex, constraints were
added on the hydrogen bond network.
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Introduction


Limonoids, which have been found to date only in plants of
the order Rutales, are tetranortriterpenoids with a b-furyl


ring substituent located at C17 that is derived from a precur-
sor with a 4,4,8-trimethyl-17-furanylsteroid skeleton. They
are classified by the four-ring structure in the intact triter-
pene core unit, and these are usually oxidized and designat-
ed as A, B, C and D. The mangrove, Xylocarpus granatum,
is known to produce antifeedant limonoids, especially phrag-
malins and mexicanolides. Previous investigations on the
seeds of two Meliaceae plants, the mangroves, X. granatum
and X. moluccensis, uncovered one obacunol, two phragma-
lins, three andirobins, and 14 mexicanolides, including the
xyloccensins A–K.[1–5] During the course of our search for
potential lead structures from Chinese tropical mangrove
plants, we have reported the isolation and identification of a
mixture of butyrospermol fatty acid esters,[6] eleven mexica-
nolides and 13 phragmalins, named xyloccensins L–Z[7–15]


and xylogranatins A–E,[16–17] from the stem bark and fruit of
a Chinese mangrove X. granatum. Five phragmalins, four of
which were the same as reported by us earlier,[9] have been
obtained from the stem bark of the same plant.[18] On the
other hand, two mexicanolides from the fruit of X. moluc-
censis,[19] although structurally different from our xyloccen-


Abstract: Thirteen limonoids with a
new carbon skeleton, the xylograna-
tins F–R (1–13), have been isolated
from the seeds of a Chinese mangrove,
Xylocarpus granatum ; two recently re-
ported compounds, xylogranatins C
and D were also isolated. Their struc-
tures were elucidated on the basis of
spectroscopic data and chemical meth-
ods. The absolute configurations of
these compounds were determined by
using the modified Mosher MTPA
ester method and by quantum chemical
circular dichroism (CD) calculations.
Xylogranatins F–Q are the first aro-


matic B-ring limonoids found in
nature. They belong to two substructur-
al classes, of which one (1–3) contains
a pyridine ring while the other one (4–
12) contains a central furan core. Xy-
logranatins C and R can be considered
to be key biosynthetic intermediates,
while xylogranatin D, the only limo-
noid found so far with a carbon skele-


ton that conatains a C30�C9 linkage, is
apparently an artifact. The structures
of these compounds suggest a new bio-
genetic pathway to tetranortriterpe-
noids. Xylogranatins F, G and R were
found to exhibit marked antifeedant
activity against the third instar larvae
of Mythimna separata (Walker) at a
concentration of 1 mgmL�1. The most
potent compound tested was xylogra-
natin G. Its AFC50 (concentration for
50 % antifeedant activity) values at the
exposure times of 24 and 48 h were
0.31 and 0.30 mgmL�1, respectively.
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sins X (including xyloccensins X1 and X2) and Y,[13,14] were,
nonetheless, given the same names, xyloccensins X and Y.
Furthermore, four unusual 9,10-seco-limonoids, named xy-
logranatins A–D,[20] of which two had previously been isolat-
ed by us, have been isolated from the seeds of the same
plant. In the current paper, we present the isolation and
characterization of thirteen limonoids with new carbon skel-
etons, xylogranatins F–R (1–13 ; Scheme 1), from the seeds


of X. granatum. Their constitutions and relative configura-
tions were elucidated by spectroscopic and chemical meth-
ods. The absolute configurations of these compounds were
determined by using the modified MTPA Mosher ester
method, and by circular dichroism (CD) measurements in
combination with quantum chemical CD calculations. The
structures of these limonoids hint at a new biosynthetic
pathway to tetranortriterpenoids.


Results and Discussion


Isolation of xylogranatins C, D, and F–R (1–13): The dried
seeds of X. granatum were extracted with ethanol. The ex-
tract was concentrated and partitioned between water and


petroleum ether. The aqueous layer was further extracted
with ethyl acetate and concentrated to give a brown gum,
which was subjected to silica-gel chromatography (chloro-
form/methanol 100:0 to 2:1). The fractions that were eluted
with chloroform/methanol (25:1 to 15:1) were combined and
purified by repetitive C18 HPLC to afford xylogranatins C,
D, and F–R (1–13).


Structural elucidation of xylogranatins F–H (1–3): Xylogra-
natin F (1), an amorphous powder, had a molecular formula
of C26H27NO6, which was established by HR-TOFMS (m/z :
calcd: 472.1736; found: 472.1724 [M+Na]+). The 1H and
13C NMR spectroscopy data (Table 1) indicated that the
molecule contained a carbon–nitrogen double bond, five
carbon–carbon double bonds, two carbonyls, and six ring
systems. DEPT experiments revealed that 1 had four tertiary
methyls, three methylenes, eight methines (of which five are
olefinic), and eleven quaternary carbon atoms. In addition,
the NMR spectroscopic data (Table 1) showed the presence
of a hydroxyl, dH =2.24–2.28 ppm (br s), and a b-furyl ring
(dH =6.52 (br s), 7.48 (br s), 7.56 (br s), dC =110.0 (d), 119.8
(s), 141.4 (d), 143.3 ppm (d)). Three substructures 1a (from
C11 to C18 and from C20 to C23), 1b (from C3 to C7, C10,
C19, C28, and C29) and 1c (from C1 to C2, C30, and from
C8 to C9) (Figure 1a) were determined by analysis of the
2D 1H-1H COSY, HSQC, and HMBC spectral data of 1.
Substructure 1a was elucidated by starting from an a,b-un-
saturated d-lactone ring D, which was characterized by the
following NMR spectroscopic data: dH =6.57 (s), 5.22 (s);
dC =37.7 (s), 157.2 (s), 111.2 (d), 165.2 (s), 80.9 ppm (d), and
was corroborated by the HMBC correlations between H15/
C13, H15/C14, H15/C16, H17/C13, and H17/C16 (Figure 1a).
The HMBC cross-peaks from H17 to C20, C21, and C22 in-
dicated that the b-furyl ring is connected to C17 of the d-lac-
tone ring D. A methyl singlet resonance at dH = 1.15 ppm
(Me18) and the methylene protons of C12, which show
HMBC correlations to the g-C (C13) of ring D along with a
proton spin system, H211–H212, which was deduced from
the 1H-1H COSY correlations, permitted us to establish the
connections of this proton spin system and Me18 with C13.
Taken together, the above data gave substructure 1a. The
second fragment, substructure 1b, could be assembled by
starting from the g-lactone ring F, which was characterized
by the NMR spectroscopic data: dH = 2.97 (d, J=9.5 Hz),
2.58 (dd, J= 17.2, 2.4 Hz), 2.98 (dt, J=17.2, 9.5 Hz); dC =


45.8 (d), 31.0 (t), 175.2 (s), 84.1 ppm (s), and was confirmed
by 1H-1H COSY correlations from H5 to H26 and HMBC
cross-peaks from H5 to C6, C7, and C10 (Figure 1a). The
methyl singlet resonance at d=1.83 ppm (Me19) has HMBC
correlations with b-C (C5) and g-C (C-10) of the g-lactone,
revealing that it is attached to the g-C (C10). A proton sin-
glet of a methine (H3), which bears a hydroxyl resonance at
dH = 4.48 ppm and two methyl singlet resonances at d= 1.16
(Me28) and 0.83 ppm (Me-29), respectively, exhibits HMBC
cross-peaks to a quaternary carbon (C4) and the b-C (C5)
of the above g-lactone; this suggests that the quaternary
carbon (C4), which bears two methyl groups is situated be-


Scheme 1. The xylogranatins F-R (1–13) isolated from X. granatum.
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tween C3 and C5. This connection was corroborated by the
HMBC correlation from H5 to C4. From these data, the
second substructure was unambiguously deduced as 1b. The
final fragment, 1c, was assembled as a tetrasubstituted pyri-
dine ring on the basis of the NMR spectroscopic data (dH =


8.05 (s), dC =124.3 (s), 130.6 (s), 133.9 (d), 156.7 (s),
158.1 ppm (s); Table 1) and the HMBC correlations from
H30 to C1, C2, and C9. This identification was consistent
with the result that 1 was a nitrogenous compound, which
was deduced from its molecular formula. Obviously, HMBC
correlations were crucial in assembling the gross structure of
xylogranatin F (1). Briefly, cross-peaks Me19/C1, H3/C1,
H3/C2, and H3/C30, connected substructures 1b and 1c to
each other through the carbon–carbon bonds of C1�C10
and C2�C3, whilst HMBC correlations H11/C8, H11/C9,
H30/C11, H30/C14, H15/C8 linked fragments 1c and 1a to-
gether by the carbon–carbon bonds of C8�C14 and C9�C11
(Figure 1a). From all these observations, the constitution of
1 was attributed to xylogranatin F as shown in Figure 1.The
relative configuration of 1 was established on the basis of
the NOESY spectrum. The significant NOE interactions


that were observed in 1 (Figure 1b) H3/H5, H3/H6b, H3/
H30, H3/Me19, H3/Me28, H5/H6b, and H5/Me19 indicated
their mutual cis relationship and the cis-fused orientation of
rings A/F. The above NOE observations also helped to es-
tablish a b configuration for H3. Similarly, the interactions
H17/H22, H17/H12b, H17/H15, Me18/H21, Me18/H15, and
H30/H15, suggested that the configuration of Me18 is a and
H17 is b and the furyl ring a configured. Moreover, the
NOE interactions between H3 and H30, and between H15
and H30, established the (s)-cis-conformation that is dis-
played in the carbon series C3–C2–C30–C8–C14–C15. Based
on the above results, the relative stereostructure of 1 was
elucidated as shown in Figure 1b.


Acetylation of 1 with acetic anhydride in pyridine afford-
ed 3-O-acetyl xylogranatin F (Scheme 2), which was also iso-
lated from the seeds of X. granatum as a natural product,
and was named xylogranatin G (2). This corroborated the
observation that the free hydroxyl group of 1 was located at
C3. The relative configuration of C3 in 2 was established to
be the same as in 1 on the basis of the NOE interactions
H3/H5, H3/H30, H3/Me19, and H3/Me28 (see Figure S1 in


Table 1. 1H (500 MHz) and 13C NMR (125 MHz) spectroscopic data for xylogranatins F–H (1–3).[a]


Position 1 (CDCl3) 2 (CDCl3) 3 (CD3OD)
1H d [ppm] 13C d


[ppm]


1H d [ppm] 13C d


[ppm]


1H d [ppm] 13C d


[ppm]


1 156.7 (s) 156.9 (s) 153.2 (s)
2 130.6 (s) 126.8 (s) 132.5 (s)
3 4.48 (s) 75.6 (d) 5.60 (s) 76.7 (d) 4.37 (s) 76.3 (d)
4 36.3 (s) 35.2 (s) 37.3 (s)
5 2.97 (d) 9.5 45.8 (d) 2.93 (d) 9.2 45.5 (d) 2.94 (d) 9.2 47.0 (d)
6a 6b 2.58 (dd) 17.2 2.4 2.98 (dt) 17.2


9.5
31.0 (t) 2.61 (dd) 18.0 1.5 3.05 (dd) 18.0


9.2
30.8 (t) 2.62 (dd) 18.0 2.9 3.13 (m)[b] 31.8 (t)


7 175.2 (s) 174.8 (s) 174.5 (s)
8 124.3 (s) 124.3 (s) 134.7 (s)
9 158.1 (s) 158.7 (s) 158.2 (s)
10 84.1 (s) 83.6 (s) 86.0 (s)
11a,
11b


3.10 (dd); 18.5 5.0, 3.20 (dd) 18.5
4.0


28.0 (t) 3.13 (dd); 18.5 5.0 3.20 (dd), 18.5
4.0


28.1 (t) 2.96 (dd); 19.0 5.0, 3.09 (dd) 19.0
4.0


28.8 (t)


12a 12b 1.87 (dd) 13.0 4.0 1.75 (dt) 13.0
5.0


30.3 (t) 1.87 (dd) 13.0 4.0 1.73 (dt) 13.0
5.0


30.2 (t) 1.96 (dd) 13.0 4.0 1.73 (dt) 13.0
5.0


31.5 (t)


13 37.7 (s) 37.6 (s) 37.6 (s)
14 157.2 (s) 156.5 (s) 3.15[b] m 41.8 d
15a,
15b


6.57 (s) 111.2 d 6.59 (s) 111.7 (d) 3.02 (dd) 16.0 6.0 2.88 (dd) 16.0
11.5


36.8 (t)


16 165.2 (s) 164.8 (s) 178.5 (s)
17 5.22 (s) 80.9 (d) 5.21 (s) 80.9 (d) 5.44 (s) 81.0 (d)
18 1.15 (s) 15.8 (q) 1.14 (s) 15.8 (q) 1.03 (s) 22.5 (q)
19 1.83 (s) 28.5 (q) 1.80 (s) 28.6 (q) 1.79 (s) 28.6 (q)
20 119.8 (s) 119.9 (s) 122.4 (s)
21 7.56 (br s) 141.4 (d) 7.55 br (s) 141.4 (d) 7.66 br (s) 142.6 (d)
22 6.52 (br s) 110.0 (d) 6.51 (br s) 110.1 (d) 6.61 (br s) 111.0 (d)
23 7.48 (br s) 143.3 d 7.48 (br s) 143.3 (d) 7.59 (br s) 144.7 (d)
28 1.16 (s) 23.5 (q) 1.13 (s) 23.9 (q) 1.15 (s) 24.1 (q)
29 0.83 (s) 21.4 (q) 0.78 (s) 20.3 (q) 0.72 (s) 21.4 (q)
30 8.05 (s) 133.9 (d) 8.14 (s) 135.7 (d) 7.69 (s) 139.6 (d)
3-OH 2.24–2.28 (br s)
3-OAc 2.06 (s) 20.9 (q)


170.1 (s)


[a] Multiplicities are indicated in parentheses. [b] Overlapped signals without designating multiplicity.
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the Supporting Information). Based on the above results,
the relative (and thus) absolute configuration of 1 and 2 was
determined to be the same.


Xylogranatin H (3), was isolated as an amorphous
powder, and was found to have a molecular formula of


C26H29NO6 (i.e. , larger than that of 1 by two hydrogen
atoms); this was established by HR-TOFMS spectrometry
(m/z : calcd: 474.1893; found: 474.1884 [M+Na]+). The 1H
and 13C NMR spectroscopic data (Table 1) of 3 were similar
to those of 1. This suggests that 3 might have the same basic
molecular framework as 1. However, an olefinic proton
(dH =6.57 (s), H15 in 1) and two olefinic carbons (dC = 157.2
(s), 111.2 (d), C14 and C15 in 1) that were derived from the
double bond C14=C15 in 1 were absent in 3, but an aliphatic
proton spin system, H14–H215 (dH = 3.15 (m), 2.88 (dd, J=


16.0, 11.5 Hz), 3.02 ppm (dd, J=16.0, 6.0 Hz); dC =41.8 (d),
36.8 ppm (t)) appeared in 3 ; this was deduced from
1H-1H COSY correlations, and indicated that the C14=C15
double bond of 1 was hydrogenated in xylogranatin H (3).
HMBC correlations from H14 and H215 to C8, C13, C15,
and C16 corroborated that the C14=C15 double bond of the
compound was a hydrogenated analogue of 1. The NOE in-
teraction that was observed in 3 from Me18 to H14 indicat-
ed the a configuration of H14, and the interactions between
H3/H5, H3/H6, H3/H30, H3/Me19, and H3/Me28 (see Fig-
ure S2 in the Supporting Information) established 3b-H and
the inverse 3a-OH group. The chemical transformation
from 1 to 3 by catalytic hydrogenation (10 % Pd/C in etha-
nol) (Scheme 2) further confirmed the structure that is
shown in Scheme 1.


Absolute stereostructures of xylogranatins F–H (1–3): The
above NOE correlation studies on compounds 1–3 and
chemical transformations from compound 1 to 2 and 3 con-
firmed that the absolute configurations of compounds 1–3
were identical (Scheme 2). As shown in Scheme 1, the cen-
tral molecular portion of compounds 1–3 is a pyridine ring.
It divides each of them into two relatively isolated, NOE-in-
dependent substructures. Within one such substructure, the
stereochemical assignment of one single stereogenic element
will unambiguously establish the absolute configuration of
the entire substructure. Each of the substructures 1b of 1
and fragment 3b of 3 (Figure 2) has a secondary alcohol at
C3. Consequently, the absolute stereostructure of this chiral
center, which was the same in compounds 1–3, could be de-
termined by using the modified Mosher MTPA [a-methoxy-
a-(trifluoromethyl)phenylacetyl] ester method.[21] On the
other hand, substructure 1a of compound 1 has two main


Figure 1. a) Partial structures, and the 1H-1H COSY or HMBC correla-
tions that were used to establish the gross structure of xylogranatin F (1)
(blue arrows indicate interactions within the fragments, green ones be-
tween them). b) Significant NOE correlations for xylogranatin F (1).


Figure 2. Dd values (Dd [ppm]= [dS�dR]) obtained for the (3S) and (3R)-
MTPA esters of xylogranatin F (1s, 1r) and H (3s, 3r).


Scheme 2. Chemical correlations for xylogranatins F–H (1–3).
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chiral chromophores, one is a furan ring and the other one
is the a,b-unsaturated d-lactone that is conjugated with a
pyridine ring. Both are connected through the chiral center
of C17 in substructure 1a (Figure 2). Therefore, it should be
possible to determine the absolute configuration of C17 in
portion 1a by circular dichroism (CD) analysis.


The modified Mosher method was employed to determine
the absolute configuration of C3 in 1 and 3 (Figure 2). Un-
fortunately, in xylogranatin F (1), the Dd values of a methyl
and one proton, that is, Me28 (Dd=�0.07 ppm) in substruc-
ture 1b and H11b (Dd=++0.05 ppm) in 1a, disobeyed the
Mosher rule. Other protons, however, did obey the rule. The
Dd values of all protons in substructure 1b, except for those
of Me28, were positive, while those in 1a, except for that of
H11b, were negative. This regular arrangement indicated
that the configuration of C3 in 1 might be R. In xylograna-
tin H (3), the Dd values of all protons in substructure 3b,
except for that of Me28 (Dd=�0.13 ppm) were positive,
while those in 3a were all negative. This observation sug-
gested the 3R configuration in 3. The result is consistent
with that of the above-described chemical transformation
from 1 to 3 and the NOE correlation studies on compounds
1 and 3, which had shown that the configuration at C3 in
the two compounds was the same. The irregular Dd values
of Me28 in 1 and 3 might be due to steric interactions of the
MTPA group with Me28 and other groups of these com-
pounds.[21]


After having established the absolute configuration of 1b
by the Mosher method, and the relative configuration within
1a by NOE data, two possible isomers remained: the diaste-
reomers (3R,5S,10S,13R,17R)-1 and (3R,5S,10S,13S,17S)-1.
For the determination of the absolute configuration of 1a
(and thus of the entire molecule 1), CD investigations were
performed in combination with quantum chemical CD cal-
culations. These calculations at the B3LYP/6–31G(d)[22, 23]


level provided six minima for (3R,5S,10S,13R,17R)-1 and
four for (3R,5S,10S,13S,17S)-1 with a relevant contribution
to the overall CD spectra (Tables S1 and Table S2).[24] In
both cases, the single CD curves of these structures were
added up by following the Boltzmann statistic, and then
were UV corrected (red shift of l=10 nm for the calculated
CD spectra).[25] The comparison of the theoretical curves
with the experimental ones (Figure 3) revealed that nearly
all the calculated Cotton effects of (3R,5S,10S,13S,17S)-1 are
opposite to the ones that were experimentally obtained,
whereas the curve that was simulated for
(3R,5S,10S,13R,17R)-1 reproduces the experimental spec-
trum in the range from l=240–400 nm very well, expect for
the peak at l=230 nm. By model calculations in which 1
was divided into two chromophores (see Figure S3 in the
Supporting Information), it could be shown that this unex-
pected peak originates from the moiety 1b, of which the ab-
solute configuration is known by applying the Mosher
method. Therefore, this peak is most probably an artifact of
the applied theoretical method, and could be neglected.
From the model calculations, we also know that the north-
eastern chromphore with the stereocenters at C13 and C17


dominate the chiroptical properties of the molecule, which
is the reason why the CD spectra of the two possible diaste-
reomers are nearly mirror-image-like. Nonetheless, with
DFT/MRCI/SVP[26,27] we also used a higher level of theory
to calculate the CD spectra of the above-found conformers.
As expected, the results of these calculations clearly proved
our first assignment of the absolute configuration from the
time-dependent DFT (TDDFT) results, because only the
curve that was calculated for (3R,5S,10S,13R,17R)-1 fits very
well the experimental one. Furthermore, no unexpected
peak was observed, which corroborated our assumption that
the non-fitting peak in the TDDFT calculations is indeed an
artifact of the method that was used. In combination with
the experimental results, the calculations thus unambiguous-
ly showed that C13 and C17 of xylogranatine F (1) are both
R-configured.


Figure 3. Comparison of the calculated CD spectra (top: TDB3LYP/6–
31G(d) results; bottom: DFT/MRCI/SVP results) of the remaining possi-
ble diastereomers of 1, (3R,5S,10S,13R,17R)-1 and (3R,5S,10S,13S,17S)-1,
with the measured CD curve: Only the spectrum calculated for
(3R,5S,10S,13R,17R)-1 fits with the experimental one.
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Structural elucidation of xylogranatins I–R (4–13): The
TOFMS of xylogranatin I (4) showed the molecular-ion
peak at m/z : 500. Its molecular formula was established to
be C27H32O9 by HR-TOFMS (m/z : calcd: 500.2046; found:
500.2052 [M]+). This together with the 1H and 13C NMR
spectroscopic data (see the Experimental Section and
Table 2) indicated the presence of five carbon–carbon
double bonds and three carbonyls, as well as four iso- or
heterocyclic rings. DEPT experiments revealed that 4 had
five methyls, three methylenes, nine methines (five of them
olefinic), and ten quaternary carbon atoms. In addition, the
NMR spectroscopic data (see the Experimental Section and
Table 2) showed the presence of a b-furyl ring (dH = 6.53
(br s), 7.53 (br s), 7.67 (br s); dC =111.1 (d), 122.0 (s), 143.6
(d), 144.7 ppm (d)).Three substructures 4a (from C9, C11 to
C18, and from C20 to C23), 4b (from C3 to C7, C10, C19,
C28, and C29), and 4c (from C1 to C2, C8, and C30) were
determined by analysis of the 2D 1H-1H COSY, HSQC, and
HMBC spectra of 4 (Figure 4a). Substructure 4a was eluci-


dated by starting from an a,b-unsaturated d-lactone ring D,
which is characterized by the following NMR spectroscopic
data: dH =6.39 (s), 5.52 (s); dC =41.9 (s), 153.7 (s), 113.1 (d),
167.1 (s), 79.5 ppm (d). This was corroborated by the
HMBC correlations: H15/C13, H15/C14, H15/C16, H17/C13,
and H17/C16 (Figure 4a). The HMBC cross-peaks from H17
to C20, C21, and C22 indicated that the b-furyl ring is con-
nected to C17 of the d-lactone ring D. A methyl singlet reso-
nance at dH =1.27 ppm (Me18) and the protons of C12,
which show HMBC correlations to the g-C (C13) of ring D,
established the connections between CH212 and Me18 with
C13. HMBC cross-peaks from the protons of the spin
system, H211–H212 to a carboxyl carbon atom, which was
deduced from the 1H-1H COSY correlations, linked this
proton spin system with a terminal carboxyl. These results
established the substructure 4a.


A second fragment could be assembled as 4b by starting
from the proton spin system H6–H5–H10–H19, which was
deduced from 1H-1H COSY correlations. HMBC cross-
peaks from H6 to the ester carbon atom of a methoxycar-
bonyl group (dH =3.70 ppm (s); dC =52.3 (q), 176.1 ppm (s))
connected C6 with this terminal group. A proton singlet of a
methine (C3), which bears a hydroxyl resonance at dH =


4.05 ppm and two methyl singlet resonances at dH = 1.05
(Me29) and 0.76 ppm (Me28), and exhibits HMBC cross-
peaks to a quaternary carbon atom (C4) and C5 of the
above proton spin system, suggested that the quaternary
carbon atom (C4) that bears two methyl groups was situated
between C3 and C5. This connection was corroborated by
the HMBC correlation from H5 to C4; this gives substruc-
ture 4b.


The last fragment, 4c, was assembled as a trisubstituted
furan ring on the basis of the NMR spectroscopic data (dH =


7.08 ppm (s); dC = 159.8 (s), 123.0 (s), 116.7 (d), 149.5 ppm
(s)) (Table 2) and HMBC correlations from H30 to C1, C2,
and C8. Moreover, the HMBC cross-peaks Me19/C1, H3/
C2, H3/C30, connected substructures 4b and 4c through the
carbon–carbon bonds of C1�C10 and C2�C3, whilst HMBC
correlations H30/C14, H15/C8, linked fragments 4a and 4c
together through the interaction of C8�C14. From all these
observations, the planar structure of 4 was identified as
shown in Figure 4.


The relative stereostructure of 4 was established on the
basis of the NOESY spectrum. The significant NOE interac-
tions observed in 4 (Figure 4b) H3/H5, H3/H30, H3/Me29,
H5/H6b, H5/Me19, indicated they are cis to each other. The
above NOE observations also helped to establish 3b-H and
the inverse 3a-hydroxyl group. Similarly, the interactions be-
tween H17/H22, H17/H12b, H17/H15, Me18/H30, Me18/
H21, Me18/H15, H30/H15, suggested that Me18 is a, H17 is
b, and the b-furyl ring at C17 is therefore a. The observed
NOE correlations between Me18 and H17, although seem-
ingly not in agreement with the bisaxial array in the global
minimum that was found by the DFT calculations, can, how-
ever, be explained by one of the other conformers, in which
these two substituents adopt a bisequatorial orientation; this
leads to a close proximity of these two spin systems


Figure 4. (a) Partial structures, 1H-1H COSY and HMBC correlations that
are indicative of the gross structure of xylogranatin I (4) (blue arrows in-
dicate interactions within the fragments, green ones between them).
(b) Significant NOE correlations for xylogranatin I (4); to simplify the
structure, the CO2Me group at C6 is omitted).
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(Figure 5). The same NOE correlations with similar intensi-
ties had previously been observed in a closely related struc-
ture, xyloccensin O, the trans configuration of Me18 and
H17 of which was further supported by X-ray diffraction.[28]


The important NOE interaction that was observed in 4
was Me19/H15; this suggested that the configuration of
Me19 is b, which was simultaneously the key NOE juncture
between the substructures 4a and 4b. Based on the above
results, the relative structure of 4 was elucidated as shown in
Figure 4b.


The absolute configuration of 4 was established by the ap-
plication of the same two-step method that was used for xy-
logranatins F–H above. Thus, the absolute configuration of
the secondary alcohol that bears center C3 in 4b (Figure 4a)
was determined by using the modified Mosher MTPA ester
method. The chiral center at C17 in substructure 4a (Fig-
ure 4a) was again established by comparing the experimen-
tal CD spectrum of 4 with the spectra that was predicted by
quantum chemical calculations for each of the two remain-
ing possible diastereomers and their enantiomers.


Owing to the low reactivity of the secondary hydroxyl
group at C3 of 4 towards MTPACl, it was difficult to obtain
the (3S)- and (3R)-MTPA esters of 4. Thus, treatment of 4
with (R)- and (S)-MTPACl in dichloromethane solvent, with
a mixture of diethylamine, triethylamine, and (dimethylami-
no)pyridine (DMAP) as a catalyst, did not yield the desired
esterified products, but the 9-diethylamide 4’ instead
(Figure 6). To our surprise, when this derivative was treated


Table 2. 13C NMR (125 MHz) data for xylogranatins I–R (4–12 in [D4]methanol and 13 in CDCl3).[a]


Position 4 5 6 7 8 9 10 11 12 13


1 159.8 (s) 160.4 (s) 160.3 (s) 160.2 (s) 161.1 (s) 161.0 (s) 161.1 (s) 161.0 (s) 158.9 (s) 200.5 (s)
2 123.0 (s) 120.9 (s) 120.8 (s) 121.5 (s) 119.9 (s) 120.1 (s) 120.1 (s) 120.0 (s) 125.2 (s) 129.3 (s)
3 72.9 (d) 82.3 (d) 82.3 (d) 80.7 (d) 75.0 (d) 74.8 (d) 75.0 (d) 74.8 (d) 81.6 (d) 159.2 (d)
4 40.2 (s) 40.2 (s) 40.2 (s) 40.2 (s) 39.1 (s) 39.2 (s) 39.5 (s) 39.3 (s) 43.8 (s) 36.9 (s)
5 42.7 (d) 43.2 (d) 43.2 (d) 43.4 (d) 43.6 (d) 43.7 (d) 43.7 (d) 43.7 (d) 54.7 (d) 45.6 (d)
6 34.5 (t) 34.5 (t) 34.5 (t) 34.6 (t) 34.3 (t) 34.2 (t) 34.1 (t) 34.2 (t) 84.3 (d) 34.7 (t)
7 176.1 (s) 176.1 (s) 176.1 (s) 176.2 (s) 176.0 (s) 175.9 (s) 176.0 (s) 175.9 (s) 174.3 (s) 173.6 (s)
8 149.5 (s) 149.3 (s) 149.2 (s) 149.3 (s) 149.7 (s) 149.7 (s) 149.7 (s) 149.8 (s) 150.6 (s) 197.8 (s)
9 176.4 (s) 174.9 (s) 176.5 (s) 176.8 (s) 174.8 (s) –[b] –[b] 174.9 175.9 (s) 175.5 (s)
10 34.5 (d) 34.8 (d) 34.8 (d) 34.8 (d) 34.5 (d) 34.4 (d) 34.4 (d) 34.5 (d) 40.8 (d) 43.1 (d)
11 30.1 (t) 30.1 (t) 30.2 (t) 30.5 (t) 30.1 (t) 30.8 –[b] –[b] 30.5 (t) 29.8 (t)
12 33.1 (t) 33.1 (t) 33.1 (t) 33.3 (t) 33.2 (t) –[b] –[b] –[b] 33.1 (t) 29.8 (t)
13 41.9 (s) 42.0 (s) 42.0 (s) 42.0 (s) 41.9 (s) 42.4 (s) 42.0 (s) 42.0 (s) 42.0 (s) 41.5 (s)
14 153.7 (s) 153.7 (s) 153.9 (s) 154.0 (s) 153.4 (s) 153.8 (s) 153.7 (s) 153.9 (s) 153.8 (s) 158.8 (s)
15 113.1 (d) 113.4 (d) 113.3 (d) 113.2 (d) 114.0 (d) 113.7 (d) 113.7 (d) 113.7 (d) 113.5 (d) 124.6 (d)
16 167.1 (s) 167.1 (s) 167.1 (s) 167.2 (s) 166.9 (s) 167.0 (s) 167.1 (s) 167.1 (s) 167.1 (s) 163.4 (s)
17 79.5 (d) 79.6 (d) 79.5 (d) 79.6 (d) 79.5 (d) 79.7 (d) 79.6 (d) 79.7 (d) 79.5 (d) 78.6 (d)
18 21.5 (q) 21.4 (q) 21.4 (q) 21.5 (q) 21.4 (q) 21.6 (q) 21.5 (q) 21.5 (q) 21.4 (q) 20.4 (q)
19 16.7 (q) 16.9 (q) 16.9 (q) 16.9 (q) 16.6 (q) 16.8 (q) 16.8 (q) 16.8 (q) 17.5 (q) 11.8 (q)
20 122.0 (s) 122.0 (s) 122.0 (s) 122.1 (s) 122.0 (s) 122.1 (s) 122.0 (s) 122.1 (s) 121.9 (s) 119.4 (s)
21 143.6 (d) 143.7 (d) 143.6 (d) 143.6 (d) 143.7 (d) 143.7 (d) 143.7 (d) 143.7 (d) 143.6 (d) 141.6 (d)
22 111.1 (d) 111.0 (d) 111.1 (d) 111.1 (d) 111.0 (d) 111.1 (d) 111.1 (d) 111.1 (d) 111.1 (d) 109.8 (d)
23 144.7 (d) 144.8 (d) 144.7 (d) 144.7 (d) 144.8 (d) 144.7 (d) 144.7 (d) 144.7 (d) 144.7 (d) 143.5 (d)
28 20.0 (q) 20.0 (q) 20.0 (q) 20.1 (q) 19.7 (q) 19.7 (q) 19.6 (q) 19.7 (q) 22.4 (q) 20.2 (q)
29 25.0 (q) 25.1 (q) 25.1 (q) 25.2 (q) 24.5 (q) 24.8 (q) 24.7 (q) 24.6 (q) 26.3 (q) 28.2 (q)
30 116.7 (d) 117.2 (d) 117.2 (d) 117.0 (d) 116.8 (d) 116.8 (d) 116.9 (d) 116.8 (d) 115.2 (d) 41.4 (t)
7-OMe 52.3 (q) 52.4 (q) 52.3 (q) 52.3 (q) 52.4 (q) 52.4 (q) 52.4 (q) 52.4 (q) 52.8 (q) 52.0 (q)
9-OMe 52.3 (q) 52.3 (q)
3-R2


1’ 57.5 (q) 57.5 (q) 66.2 (t) 172.7 (s) 177.8 (s) 169.1 (s) 178.3 (s)
2’ 15.8 (q) 21.0 (q) 42.8 (d) 129.8 (s) 35.4 (d)
3’ 27.9 (t) 139.2 (d) 19.4 (q)
4’ 11.9 (q) 12.2 (q) 19.2 (q)
5’ 17.1 (q) 14.5 (q)


[a] Multiplicites are shown in parentheses and d values are in ppm. [b] Not detected.


Figure 5. Two main conformations of ring D in xylogranatins I–Q (4–12)
with H17 and Me18 in bisaxial (left) and bisequatorial (right) orienta-
tion; this explains the observed NOE correlations between H17 and
Me18, although they are trans configured. For reasons of clarity, only
rings D and E are shown (cut at C30 and the furan oxygen).
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with (R)- and (S)-MTPACl in pyridine, with DMAP at room
temperature, its 3-(S) and 3-(R)-MTPA esters (4’ s, 4’ r) were
formed in high yields; this permitted us to assign the abso-
lute configuration of C3 in 4.


As shown in Figure 6, the Dd values of H5, H6, H10, H19,
H28 were positive, while those of H17, H18, H21, H22, and
H30 were negative. This regular arrangement provided evi-
dence for the 3R configuration in 4’. Because the absolute
stereostructure of 4 must be the same as that of its deriva-
tive 4’, the absolute configuration of C3 in 4 was then as-
signed as R too. Based on this 3R configuration, the chirality
of C10 in 4 was also identified as R through NOE investiga-
tions, which led to 19bMe. This result was consistent with
the NOE interaction observed earlier in 4 from Me19 to
H15.


Me29 and H15 in 4’, by contrast, disobeyed MosherOs rule.
The steric interactions with the MTPA group from Me29
and other groups inside 4’ with that in xylogranatin F and H
could explain why Me29 disobeys this rule,[21] and the differ-
ent rotation effects on the C8�C14 bond that is induced by
the (3S) and (3R)-MTPA esters might explain why H15 dis-
obeys MosherOs rule. This might be a consequence of a
change of the dihedral angle between the central furan ring
and the a,b-unsaturated d-lactone according to the different
substituents at 3-OH. In 4’ s and 4’ r, this dihedral angle was
different. Thus the shielding and deshielding effects from
the benzene ring of MTPA esters to H15 was not as regular
as those of the other protons in 4’.


Because the Mosher method did not lead to an unambigu-
ous result in this case, the experimental CD spectrum of 4
had to be compared with the spectra that were computed
for all four possible diastereomers of 4, which resulted from
the combination of all enantiomeric forms of the substruc-
tures with the relative configurations that were established
by the NOE measurements above. For this purpose,
TDDFT calculations of the twelve energetically lowest con-
formers of 4A (3R,5R,10R,13R,17R-4) and of the twelve en-
ergetically lowest ones of 4B (3R,5R,10R,13S,17S-4) were
carried out (see also Tables S3 and S4 in the Supporting In-
formation). The CD spectra of the respective enantiomers,
ent-4A (3S,5S,10S,13S,17S-4) and ent-4B
(3S,5S,10S,13R,17R-4), were obtained by reflecting at the
zero line of the spectra that was simulated for 4A and 4B,
respectively. After Boltzmann weighting and UV shifting


(red shift of l=8 nm for the calculated CD spectra) the
comparison of the calculated spectra with the experimental
one showed only one match. The simulated CD spectrum of
4B has only one Cotton effect at l=350 nm that fits to the
experimental curve, one at l= 230 nm that is slightly shifted
in comparison to the experiment, and two effects at l =240
and 260 nm which are opposite to the experiment
(Figure 7). Because ent-4B is the mirrored spectrum of 4B,


Figure 6. Dd values [Dd (ppm)= (dS�dR)] that were obtained for the (3S)
and (3R)-MTPA esters (4’ s, 4’ r) of the 9-diethylamide derivative of xy-
logranatin I.


Figure 7. Attribution of the absolute configuration of xylogranatin I (4)
by comparison of the CD spectra that were calculated for 4A
(3R,5R,10R,13R,17R-4) and 4B (3R,5R,10R,13S,17S-4) and their enantio-
mers ent-4A (3S,5S,10S,13S,17S-4) and ent-4B (3S,5S,10S,13R,17R-4) with
the experimental curve: The spectrum that was calculated for ent-4A is
completely opposite, while the one that was simulated for 4A fits with
the experimental one.
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the peaks at l=230 and 350 nm are opposite and the peak
at 260 nm coincides with the experiment. Consequently, nei-
ther 4B nor ent-4B corresponds to the absolute stereostruc-
ture of natural xylogranatin I (4).


As Figure 7 shows, the computed CD spectrum of 4A,
however, does fit well to the experimental one, whereas the
spectrum of ent-4A is completely opposite compared with
the experiment. Therefore, xylogranatine I (4) has the same
absolute all-R configuration as displayed in structure 4A.
Despite the fact that some protons in 4 disobeyed MosherOs
rule (as mentioned above), the assignment of the absolute
configuration of the southwestern moiety of 4 was correct
and furthermore the calculations clearly showed the R con-
figuration of C13 and C17.


The molecular formula of xylogranatin J (5) was deter-
mined to be C29H36O9 by HR-TOFMS (m/z : calcd: 551.2257;
found: 551.2237 [M+Na]+). It was larger than that of xylog-
ranatin I (4) by a C2H4 unit. The NMR spectroscopic data of
5 were similar to those of 4, except for the presence of two
more methoxy groups (dH =3.63 (s), dC =52.3 (q); dH = 3.38
(s), dC = 57.5 ppm (q)). HMBC correlations from the protons
(dH =3.63 ppm (s)) of one methoxy group to C9 of 5 and H3
(d=3.66 ppm (s)) of 5 to the carbon atom of another me-
thoxyl (dC = 57.5 (q)) revealed that the above two methoxy
groups were substituted at C9 and C3 of 5. Treatment of 4
with 30 % hydrochloric acid in methanol, followed by
C18 HPLC purification, afforded the major product 5 (yield:
>90 %) (Scheme 3) and the minor one 5’ (yield: <6 %) (see
Figure S4 in the Supporting Information). By careful NOE
studies, it was found that the configuration of C3 in 5 was
the same as in 4, but that in 5’ was opposite (see Figures S5
and S6 in the Supporting Information). Thus, xylogranatin J
(5) was concluded to be the 3-O-methyl-9-methylester ana-
logue of xylogranatin I (4).


Xylogranatin K (6) had the molecular formula C28H34O9


as revealed by the HR-TOFMS spectrum (m/z : calcd:
537.2101; found 537.2112 [M+Na]+). The NMR spectro-
scopic data of 6 were similar to those of 4, except for the
presence of one additional O-methyl group (dH = 3.35 ppm
(s); dC =57.5 ppm (q)). The HMBC correlation from H3
(d=3.63 ppm (s)) of 6 to the carbon atom of this methoxy
group indicated that it was attached to C3. Treatment of 6
with (trimethylsilyl)diazomethane (TMSCHN2) afforded xy-
logranatin J (5) (Scheme 2). Thus, xylogranatin K (6) was as-
signed as the 3-O-methyl analogue of xylogranatin I (4),
that is, the free carboxylic acid of the methyl ether of xylog-
ranatin J (5).


The HR-TOFMS spectrum (m/z : calcd: 551.2257; found:
551.2268 [M+Na]+) of xylogranatin L (7) showed that this
compound had the same molecular formula as 5. The NMR
spectroscopic data of 7 were similar to those of 4, except for
the presence of an ethoxy group (dH = 1.20 (t, J=7.0 Hz),
3.52 (m), 3.67 (m); dC =15.8 (q), 66.2 ppm (t)]. The HMBC
correlation from H3 (dH =3.76 ppm (s)) of 7 to the methyl-
ene carbon atom of this ethoxy group suggested that it was
attached to C3. Treatment of 4 with bromoethane and
sodium hydride in dichloromethane afforded 7 (Scheme 3).
The configuration at C3 in 7 was determined to be the same
as in 4 by NOE interactions that were observed in 7 from
H3 to H5. Based on the above results, xylogranatin L (7)
was elucidated as the 3-O-ethyl analogue of xylogranatin I
(4).


The molecular formula of xylogranatin M (8) was estab-
lished as C30H36O10 by HR-TOFMS (m/z : calcd: 579.2206;
found: 579.2214 [M+Na]+). The NMR spectroscopic data of
8 were similar to those of 5, except for the absence of a 3-
methoxy group (dH =3.38 ppm (s); dC = 57.5 ppm (q) in 5)
and presence of one more acetoxy group (dH = 2.07 ppm


Scheme 3. Chemical correlations for xylogranatins I–P (4–11) (xyl. =xylogranatin).
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(s); dC = 21.0 (q), 172.7 ppm (s) in 8). This result was further
corroborated by the HMBC correlation from H3 (d=


5.31 ppm (s)) of xylogranatin M (8) to the carbonyl carbon
atom of this acetoxy group. Treatment of xylogranatin I (4)
with acetic anhydride in pyridine, followed by methylation
of the acetylated product with (trimethylsilyl)diazomethane,
gave xylogranatin M (8) (Scheme 3). The absolute configu-
ration of C3 in 8 was determined to be the same as in 4 by
NOE interactions that were observed from H3 to H5.
Therefore, the structure of xylogranatin M (8) was identified
as the 3-O-acetyl-9-methylester analogue of xylogranatin I
(4).


Similiar 1D and 2D NMR spectroscopy investigations es-
tablished the structures of xylograntines N–P (9–11) as seen
in Scheme 1 (for more details see the Experimental Section
and the Supporting Information).


The molecular formula of xylogranatin Q (12) was deter-
mined to be C27H30O9 by HR-TOFMS (m/z : calcd:
521.1788; found: 521.1796 [M+Na]+). The 1H and 13C NMR
spectroscopy data (see Experimental Section and Table 2)
indicated the presence of five carbon–carbon double bonds,
three carbonyls, and five rings. By detailed analysis of the
2D 1H-1H COSY, HSQC, and HMBC spectra of xylograna-
tin Q (12), it was found that this compound could be divided
into three substructures (Figure 8a), namely, 12a (from C9,
C11 to 18 and from C20 to C23), 12b (from C3 to C7, C10,
C19, C28, and C29), and 12c (a furan ring that comprises
C1, C2, C8, and C30). Although 12a and 12c were the same
as 4a and 4c of xylogranatin I (4), the substructure 12b was
distinctly different from that of 4b. The presence of two
oxygenated methines C3 (dH =4.51 ppm; dC =81.6 ppm) and
C6 (dH =4.21 ppm (s); dC =84.3 ppm (d)) in 12b was sug-
gested by their 1H and 13C NMR spectroscopic data. The
HMBC correlations between H6/C3 and H3/C6 indicated
that these methines were connected by an oxygen bridge.
The presence of this oxygen bridge was consistent with the
above-described unsaturation analysis of the molecular for-
mula of xylogranatin Q (12). From the view of biosynthesis,
xylogranatin Q (12) should be derived from xylogranatin I
(4), by oxidation of C6, and subsequent dehydrating ether
formation between C3 and C6 to form a tetrahydrofuran
ring (see below).


The relative configurations within 12 were established on
the basis of the NOESY spectrum. The significant NOE in-
teractions between H3/H6, H3/H30, H3/Me28, H3/Me29,
H5/H6, H5/Me19 and Me19/Me28 that were observed in 12
(Figure 8b) indicated the relative orientation of substruc-
tures 12b and 12c to each other as shown in Figure 8b. Simi-
larly, the interactions between H17/H12, H17/H15, H17/
H22, Me18/H15, Me18/H21, Me18/H30, and H30/H15 sug-
gested that Me18 is a, H17 is b, and therefore that the 17-
substituted b-furyl ring is a. Further, the NOE interactions
of Me19/H15 and H5/H15 are an additional indication of
the spatial proximity of the substructures 12a and 12b.


The absolute configuration of 12 was evidenced by CD
analysis. The CD spectrum of 12 was taken in methanol of
chromatographic grade, and it exhibited two positive and


one negative Cotton effects at l=219 (De=++13.0), 264
(+3.2), and 326 nm (�3.2 cm2 mol�1), which were similar to
those of xylogranatin I (4) (l=219 (De=++ 8.6), 264 (De=


+3.4), and 326 nm (De=�3.1 cm2 mol�1); see Figure S8 in
the Supporting Information). The chromophores in 12 are
similiar to those in 4 ; ring B is the main chromophore for
the southwestern moiety, and ring D and E are the main
chromophores for the northeastern part. Despite the fact
that 12 has an additional ring (viz. , ring F), the chromo-
phore of the southwestern moiety is nearly the same as in 4
and has an almost identical stereochemical orientation, as
the substituents at C3 and C5 of ring A in the main con-
formers of xylogranatin I (4) both adopt an axial array, as
was also found for ring A of xylogranatin Q (12). The only
difference is the bond between O3 and C6 in 12. Although
this bond generates an additional stereogenic center in the
southwestern moiety, this center is far away from the main
chromophore and thus should not give an additional Cotton
effect in the CD spectrum. For these reasons, the nearly


Figure 8. (a) Substructures of xylogranatin Q (12) (blue arrows indicate
interactions within the fragments, green ones between them). (b) Signif-
icant NOE correlations for xylogranatin Q (12).
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identical CD spectra of 12 and 4 indicate that 12 should
indeed have the same absolute configuration as 4, and the
configuration of the additional stereocenter at C6 can be de-
termined from the NOE investigations.


Xylogranatin R (13) was isolated as an amorphous
powder. Its molecular formula was determined to be
C27H32O9 by HR-TOFMS (m/z : calcd: 523.1944; found:
523.1956 [M+Na]+). The 1H and 13C NMR spectroscopic
data (Table 2 and Experimental Section) indicate that the
molecule has four carbon–carbon double bonds, five carbon-
yls, and three rings. By a detailed analysis of the 2D
1H-1H COSY, HSQC, and HMBC spectra of xylogranatin R
(13), it was found that 13 could be divided into three sub-
structures (Figure 9), namely, 13a (from C9, C11 to 18 and


from C20 to C23), 13b (from C1 to C7, C10, C19, C28, and
C29) and 13c (from C8 and C30), among which 13a and
13b were the same as 12a and the corresponding substruc-
ture of xylogranatin C,[20] respectively. The substructure 13b
could be assembled by starting from a proton spin system,
H6–H5–H10–H319, which was deduced from 1H-1H COSY
correlations. HMBC cross-peaks from H6 to the ester
carbon of a methoxycarbonyl group (dH =3.70 ppm (s); dC =


52.0 (q), 173.6 ppm (s)) connected C6 with this terminal
group. A proton singlet of an olefinic methine (C3) reso-
nance at dH =6.54 ppm and two methyl singlet resonances at
dH = 1.19 (Me29) and 1.11 ppm (Me28), which exhibit
HMBC correlations to a quaternary carbon atom (C4) and
C5 of the above-described proton spin system suggested that
the quaternary-carbon atom (C4) that bears two methyl
groups was situated between C3 and C5. On the other hand,
HMBC cross-peaks from the olefinic proton, H10 and
Me19, to a conjugated ketone (dC =200.5 ppm (s)) indicated
that this ketone was situated between C2 and C10. Based on
the above observations, it was concluded that the carbon


atoms C1–C5 and C10 comprised a cyclohex-2-enone ring.
Together this gave the substructure 13b, which was the same
as that in xylogranatin C,[20] , which was isolated from the
seeds of the same plant. The remaining fragment, 13c, was
assembled as a methylene connected with a ketone on the
basis of the NMR spectroscopic data: dH =3.45 (d, J=


16.8 Hz), 3.75 ppm (d, J=16.8 Hz); dC =41.4 (t), 197.8 ppm
(s) (Tables 2 and Experimental Section). The connections
between the above fragments were elucidated by HMBC
correlations between the protons and carbon atoms that
belong to different substructures. The observed HMBC
cross-peaks H30/C1, H30/C2, H30/C3, and H3/C30 connect-
ed the substructures 13b and 13c through the carbon–
carbon bond of C2�C30, while the HMBC correlations
H230/C14 and H15/C8, linked fragments 13c and 13a to-
gether through that of C8�C14 (Figure 9).


The relative stereostructure of 13 was established by anal-
ysis of its NOESY spectrum. The significant NOE interac-
tions, H17/H12a, H17/H12b, H17/H15, H17/H22, Me18/H21,
and Me18/H15 suggested a 17b-H and a 18a-Me orientation.
The correlations H30b/H3, H30b/H5, H30b/Me19, and
Me19/Me28 indicated that H5 and Me19 of substructures
13b are b-configured (see Figure S7 in the Supporting Infor-
mation).


Absolute configuration of xylogranatins F–R (1–13): As
mentioned earlier, the absolute stereostructures of xylogra-
natins F (1) and I (4) were determined by application of the
modified Mosher MTPA ester method coupled with circular
dichroism quantum chemical calculations. The successful
chemical conversions of 1 to 2 and 3 (Scheme 2), combined
with the NOE correlation studies on the stereoarray at C3
in these compounds confirmed that they all possess the
same configurations at their chiral centers at C3, C5, C10,
C13, and C17, which were determined to be R, S, S, R, and
R, respectively. The configuration at C14 in 3 was deduced
as S by the NOE interaction from H14 to Me18. That com-
pounds 4–11 had the same R configurations at C3, 5, 10, 13,
and 17, was corroborated by the successful chemical trans-
formations of 4 and 6 to 5, of 4 to 7 and to 8, and of 9–11 to
8 (Scheme 3). Moreover, the absolute configuration at C2 in
the 2-methylbutyryl group of 9 was determined to be S by
the aD value of its acid and the E-configured double bond in
the tigloyl group (2-methylcrotonyl) of 10 was suggested by
its NOE correlation studies. Furthermore, the chiral center
at C17 of 12 was identified as the same as that of 4–11 by
analysis of its CD spectrum (see Figure S8 in the Supporting
Information), while others, including C3, C5, C6, C10, and
C13 were suggested to be R, S, S, R, and R, respectively, by
their NOE interactions. Although some of the NOE interac-
tions were quite weak and not as significant as in the case of
the xylogranatins F–P, nonetheless, this should be the most
probable stereochemical array due to the joint biogenetic
origin of 12 compared to those of 4–11. Likewise, for biosyn-
thetic reasons, we anticipate that in the case of xylograna-
tin R (13) the stereogenic centers at C5, C6, C13, and C17
should have the R configuration.


Figure 9. Partial structures, 1H-1H COSY and HMBC correlations that
were used to establish the structure of xylogranatin R (13) (blue arrows
indicate interactions within the fragments, green ones indicate interac-
tions between the fragments).
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Possible joint biosynthetic origin of xylogranatins F–R (1–
13): Xylogranatins F–R (1–13) constitute a novel type of
natural products that consist of 26 carbon atoms in their
skeletons. Among them, the xylogranatins F–Q (1–12)
belong to two subclasses of tetranortriterpenoids, one of
which, compounds (1–3), comprises a pyridine as the B-ring
of tetranortriterpenoid, while the other subclass (4–12) con-
tains a central furan core. A plausible biogenetic pathway
for xylogranatins F–Q (1–12), with xylogranatin R (13) as a
key biosynthetic intermediate, is proposed in Scheme 4. The
biogenetic origin of them might be a mexicanolide,[4] the
retro-aldol cleavage of the C9�C10 bond of which could
lead to the opening of its B ring, thus generating xylograna-
tin C. Further cleavage of the C8�C9 bond of xylograna-
tin C, with loss of its 30-acetoxy group, would lead to the
key intermediate, xylogranatin R (13), which, as a 1,4-dike-
tone could cyclize to produce a hypothetical heterocyclic in-
termediate, intA, and then aromatize to generate the furan
derivative xylogranatin I (4). Different substitution reactions
at C3 and at the 9-carboxylate group of xylogranatin I (4)
would produce xylogranatins J–P (5–11). While oxidation of
C6 of xylogranatin I (4) and cyclic ether formation with C3
could generate the complex structure of xylogranatin Q
(12), oxidation at C10 with g-lactonization and transforma-
tion of the C9 carboxyl group into a nitrile function would
result in the pentacyclic compound intB. By starting from
this nitrogen-containing compound, the central pyridine ring
of 1–3 might be generated by two possible subpathways:
either through a direct hetero-Diels–Alder-related ring clo-
sure to give intD and subsequent hydrogenation to give
intF, or by reduction, followed by the Diels–Alder ring clo-
sure at the level of the imine intC to give intE, and final
elimination of water via intF, thus completing the biosynthe-
sis of xylogranatin F (1), which could then be transformed
to xylogranatins G (2) and H (3) by acetylation of its 3-OH
group and hydrogenation of its C14–C15 double bond, re-
spectively.


Antifeedant activity of xylogranatins : The new compounds,
xylogranatins C and D[20] (not shown), F–G (1, 2), I–K (4–
6), and P–R (12, 13), were tested for their antifeedant activi-
ties by using a conventional leaf disk method against the
third instar larvae of Mythimna separata (Walker)
(Table 3).[29] Compounds 1, 2, 4, 13, and xylogranatin D ex-
hibited marked antifeedant activity at a concentration of
1 mgmL�1. The antifeedant rates of these compounds at the
exposure times of 24, 48, and 72 h were over 50 % in all
cases. Among the above-mentioned five compounds, 2, 4
and 13 proved to be the most potent ones; they provided an-
tifeedant rates of over 70 % at the exposure time of 24 h.
The most potent compound tested was xylogranatin G (2).
Its antifeedant rate was 74–80 % and was stable at different
exposure times, but those of 4 and 13 decreased with longer
exposure times. As shown in Table 3, the antifeedant activity
of xylogranatin G (2) is much stronger than that of one stan-
dard, podophyllotoxin,[30, 31] but it is slightly weaker than that
of another standard, toosendanin.[32] A detailed study


showed that its AFC50 (concentration for 50 % antifeedant
activity) values at 24 and 48 h were 0.31 and 0.30 mg mL�1,
respectively.


Xylogranatin G (2) is the 3-O-acetyl derivative of xylogra-
natin F (1). The introduction of this O-acetyl group at the 3-
hydroxyl of xylogranatin F (1) enhanced the antifeedant
rate significantly (16 to 25 %) (Table 3). Thus, the SAR
study on the C3 analogues of xylogranatin F (1) might gen-
erate even more potent antifeedant leads. The synthesis of
these analogues for antifeedant evaluation is in progress.


Conclusion


Xylogranatins F–R, from the seeds of the Chinese man-
grove, Xylocarpus granatum, were isolated and identified as
a class of limonoids with a new carbon skeleton. Xylograna-
tins F–Q are the first aromatic B-ring limonoids to be found
in nature. They belong to two new subclasses, one comprises
a pyridine portion as the B ring of tetranortriterpenoid and
the other one contains a central furan ring. Xylogranatins C
and R are key biosynthetic intermediates, while xylograna-
tin D clearly is an artifact. The structures of these limonoids
suggest a new biogenetic pathway to tetranortriterpenoids.
Xylogranatins F, G and R exhibited pronounced antifeedant
activity against the third instar larvae of Mythimna separata
(Walker) at a concentration of 1 mgmL�1. The most potent
compound tested was xylogranatin G. Its AFC50 (concentra-
tion for 50 % antifeedant activity) values at 24 and 48 h
were 0.31 and 0.30 mg mL�1, respectively. This study demon-
strates that X. granatum is a rewarding new source for the
production of limonoids with novel carbon frameworks.


Experimental Section


General procedures : Optical rotations were recorded on a Polaptro-
nic HNQW5 automatic high-resolution polarimeter (Schmidt & Haensch,
Berlin, Germany) and on a J-715 spectropolarimeter (JASCO, Gross-
Umstadt, Germany) at room temperature by using a 0.1 cm standard cell


Table 3. Antifeedant bioassay results for xylogranatins C–D, F–G (1–2),
I–K (4–6), and P–R (12–13).


Compound Concn [mg mL�1] Antifeedant rates at different ex-
posure time (mean�SD %)


24 h 48 h 72 h


1 1.0 50.0�5.8 55.2�7.1 57.7�10.2
2 1.0 74.1�8.7 79.9�6.3 73.8�3.5
4 1.0 74.5�4.2 59.0�2.5 43.3�2.3
5 1.0 38.3�3.1 45.4�3.7 34.9�2.7
6 1.0 6.4�4.8 28.5�8.8 32.3�3.6
12 1.0 45.0�4.0 58.5�8.1 44.2�4.4
13 1.0 70.6�2.4 58.6�5.3 47.5�7.8
xylogranatin C 1.0 48.3�10.3 46.9�2.1 51.5�5.2
xylogranatin D 1.0 53.3�7.4 57.3�4.7 55.7�9.3
toosendanin[a] 1.0 88.3�1.2 95.6�2.3 100.0
podophyllotoxin[a] 1.0 53.2�2.7 57.2�4.7 68.4�3.3


[a] Antifeedant standards.
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and spectrophotometric grade MeOH, and are reported in De values
(cm2 mol�1) at the given wavelength l (nm). UV spectra were obtained
on a Beckman DU-640 UV spectrophotometer. IR spectra were recorded
on a Bruker Vertex-70 FTIR spectrophotometer. ESI-MS and TOF-MS


spectra were obtained on Bruker APEX II and BiflexIII MALDI-TOF
mass spectrometers, respectively (positive or negative mode). NMR spec-
tra were recorded in CDCl3 or [D4]methanol by using a Bruker AV-500
spectrometer (500 MHz for 1H NMR and 125 MHz for 13C NMR spectra)


Scheme 4. Proposed biogenetic pathway to xylogranatins F–R (xyl =xylogranatin).
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with tetramethylsilane as the internal standard. Preparative HPLC was
carried out on ODS columns (250 P 10 mm i.d., YMC) with a Waters 996
photodiode array detector. For column chromatography, silica gel (200–
300 mesh) (Qingdao Mar. Chem. Ind.) was used. (R)-, (S)-MTPACl and
(dimethylamino)pyridine (DMAP) were purchased from Sigma–Aldrich.


Plant material : Four batches of the seeds of Xylocarpus granatum were
collected in October and November 2005, and in January and March
2006 from the Hainan Island (Southern China). The identification of the
plant was performed by Prof. Yongshui Lin, Laboratory of Marine Biol-
ogy, South China Sea Institute of Oceanology, Chinese Academy of Sci-
ences. Voucher samples (nos. GKLMMM-002–4 to GKLMMM-002–7)
are maintained in the Herbarium of the South China Sea Institute of
Oceanology.


Extraction and isolation : Four batches of the dried seeds (4, 6, 6, and
8 kg, each) of X. granatum were crushed and extracted three times with
95% ethanol at room temperature. The extract was concentrated and
partitioned between water and petroleum ether. Then the aqueous layer
was further extracted with ethyl acetate and concentrated to give a
brown gum, which was subjected to silica-gel chromatography (chloro-
form/methanol 100:0 to 2:1). The fractions that were eluted with chloro-
form/methanol (25:1 to 15:1) were combined and purified by preparative
HPLC (YMC-Pack ODS-5 A, 250 P 20 mm i.d., acetonitrile/water 30:70
to 45:55) to yield xylogranatins F (1, 20 mg), G (2, 22 mg), H (3, 4 mg), I
(4, 40 mg), J (5, 8 mg), K (6, 20 mg), L (7, 6 mg), M (8, 3 mg), N (9,
6 mg), O (10, 7 mg), P (11, 6 mg), Q (12, 35 mg), R (13, 12 mg), and C[20]


(60 mg). Additionally, xylogranatin C was stored for two weeks dissolved
in methanol at room temperature; after this time, it was purified by
HPLC to afford xylogranatin D[20] (35 mg).


Xylogranatin F (1): Amorphous powder, [a]25
D =++254 (c=0.21 in MeCN);


1H and 13C NMR (see Table 1); IR (film): ñ=3420, 2970, 1772, 1712,
1595, 1440, 1365, 1239, 1161, 1129, 1061, 1027, 942, 875, 697, 602 cm�1;
UV (MeOH): lmax (loge) = 210 (4.23), 268 (4.01), 310 nm (4.07); HR-
TOFMS: m/z : calcd for C26H27NO6Na: 472.1736 [M+Na]+ ; found:
472.1724.


Xylogranatin G (2): Amorphous powder, [a]25
D +105 (c=0.15 in MeCN);


1H and 13C NMR (see Table 1); IR (film): ñ=3447, 2972, 1776, 1726,
1596, 1440, 1373, 1233, 1160, 1082, 1062, 1023, 937, 875, 697, 605 cm�1;
UV (MeOH): lmax (loge)=208 (4.21), 270 (3.89), 310 nm (3.96); HR-
TOFMS: m/z : calcd for C28H29NO7: 491.1944 [M]+ ; found: 491.1947.


Xylogranatin H (3): Amorphous powder, [a]25
D =++14 (c=0.12 in MeCN);


1H and 13C NMR (see Table 1); IR (film): ñ=3447, 2933, 1736, 1632,
1384, 1238, 1163, 1027, 944, 875, 602 cm�1; UV (MeOH): lmax (loge) =217
(4.03), 280 nm (4.01); HR-TOFMS: m/z : calcd for C26H29NO6Na:
474.1893 [M+Na]+ ; found: 474.1884.


Xylogranatin I (4): Amorphous powder, [a]25
D =�20 (c=0.20 in MeOH);


1H NMR (CD3OD): d=0.76 (s, H28), 1.05 (s, H29), 1.27 (s, H18), 1.36 (d,
J=6.7 Hz, H19), 1.92 (dt, J= 14.5, 4.0 Hz, H12a), 2.17 (dt, J=16.0,
4.0 Hz, H11a), 2.32 (m, H5), 2.35 (m, H6a), 2.57 (m, H6b), 2.38 (m,
H12b), 2.47 (dt, J= 16.0, 5.0 Hz, H11b), 2.60 (m, H10), 3.70 (s, 7-OCH3),
4.05 (s, H3), 5.52 (s, H17), 6.39 (s, H15), 6.53 (br s, H22), 7.08 (s, H30),
7.67 (br s, H21), 7.53 ppm (br s, H23); 13C NMR (see Table 2); IR (film):
ñ= 3436, 2970, 1631, 1582, 1384, 1027, 874, 603 cm�1; UV (MeOH): lmax


(loge)=213 (4.09), 336 nm (4.12); HR-TOFMS: m/z : calcd for C27H32O9:
500.2046 [M]+ ; found: 500.2052.


Xylogranatin J (5): Amorphous powder, [a]25
D =�73 (c= 0.10 in MeOH);


1H NMR (CD4OD): d=0.77 (s, H28), 1.08 (s, H29), 1.31 (s, H18), 1.34 (d,
J=6.7 Hz, H19), 1.95 (dt, J= 14.5, 4.0 Hz, H12a), 2.20 (dt, J=16.0,
4.0 Hz, H11a), 2.37 (m, H6a), 2.38 (m, H5), 2.40 (m, H12b), 2.53 (dt, J=


16.0, 5.0 Hz, H11b), 2.58 (m, H6b), 2.59 (m, H10), 3.38 ppm (s, 3-OCH3),
3.63 (s, 9-OCH3), 3.66 (s, H3), 3.71 (s, 7-OCH3), 5.54 (s, H17), 6.41 (s,
H15), 6.56 (br s, H22), 7.16 (s, H30), 7.56 (br s, H23), 7.70 ppm (br s,
H21); 13C NMR (see Table 2); IR (film): ñ=3435, 2932, 2375, 1631, 1581,
1406, 1385, 1027, 832, 620 cm�1; UV (MeOH): lmax (loge) =212 (4.12),
335 nm (4.13); HRTOF-MS m/z : calcd for C29H36O9Na: 551.2257
[M+Na]+ ; found: 551.2237.


Xylogranatin K (6): Amorphous powder, [a]25
D =�31 (c=0.13 in MeOH);


1H NMR (CD3OD): d=0.74 (s, H28), 1.05 (s, H29), 1.28 (s, H18), 1.32 (d,


J=6.7 Hz, H19), 1.89 (dt, J= 14.5, 4.0 Hz, H12a), 2.14 (dt, J= 16.0, 4.0,
H11a), 2.33 (m, H6a), 2.36 (m, H5), 2.38 (m, H12b), 2.46 (dt, J=16.0,
5.0 Hz, H11b), 2.54 (m, H6b), 2.56 (m, H10), 3.35 (s, 3-OCH3), 3.63 (s,
H3), 3.68 (s, 7-OCH3), 5.52 (s, H17), 6.39 (s, H15), 6.54 (br s, H22), 7.14
(s, H30), 7.53 (br s, H23), 7.67 ppm (br s, H21); 13C NMR (see Table 2);
IR (film): ñ =3434, 2939, 2374, 1710, 1631, 1583, 1385, 1270, 1164, 1089,
1028, 874, 804, 603 cm�1; UV (MeOH): lmax (loge)=212 (4.09), 335 nm
(4.19); HRTOF-MS: m/z : calcd for C28H34O9Na: 537.2101; found:
537.2112 [M+Na]+ .


Xylogranatin L (7): Amorphous powder, [a]25
D =�37 (c=0.12 in MeOH);


1H NMR (CD3OD): d= 0.77 (s, H28), 1.09 (s, H29), 1.20 (t, J=7.0 Hz, 3-
OCH2CH3), 1.30 (s, H18), 1.36 (d, J=6.7 Hz, H19), 1.93 (dt, J=14.5,
4.0 Hz, H12a), 2.16 (dt, J=16.0, 4.0 Hz, H11a), 2.36 (m, H6a), 2.39 (m,
H12b), 2.40 (m, H5), 2.47 (dt, J=16.0, 5.0 Hz, H11b), 2.57 (m, H6b), 2.60
(m, H10), 3.52 (m, 3-OCH2CH3), 3.67 (m, 3-OCH2CH3), 3.71 (s, 7-
OCH3), 3.76 (s, H3), 5.55 (s, H17), 6.41 (s, H15), 6.57 (br s, H22), 7.13 (s,
H30), 7.56 (br s, H23), 7.70 ppm (br s, H21); 13C NMR (see Table 2); IR
(film): ñ=3435, 2973, 2376, 1715, 1632, 1583, 1385, 1271, 1165, 1086,
1027, 875, 802, 603 cm�1; UV (MeOH): lmax (loge)=212 (4.15), 336 nm
(4.21); HRTOF-MS: m/z : calcd for C29H36O9Na: 551.2257 [M+Na]+ ;
found: 551.2268.


Xylogranatin M (8): Amorphous powder, [a]25
D =�52 (c=0.15 in MeOH);


1H NMR (CD3OD): d=0.87 (s, H28), 1.04 (s, H29), 1.27 (s, H18), 1.36 (d,
J=6.7 Hz, H19), 1.94 (dt, J=14.5, 4.0 Hz, H12a), 2.07 (s, 3-OCOCH3),
2.19 (dt, J=16.0, 4.0 Hz, H11a), 2.35 (m, H12b), 2.40 (m, H5), 2.43 (m,
H6a), 2.52 (dt, J=16.0, 5.0 Hz, H11b), 2.62 (m, H6b), 2.65 (m, H10), 3.64
(s, 9-OCH3), 3.73 (s, 7-OCH3), 5.31 (s, H3), 5.53 (s, H17), 6.40 (s, H15),
6.55 (br s, H22), 7.01 (s, H30), 7.56 (br s, H23), 7.69 ppm (br s, H21);
13C NMR (see Table 2); IR (film): ñ =3435, 2971, 2375, 1732, 1631, 1588,
1384, 1242, 1166, 1129, 1024, 875, 806, 604 cm�1; UV (MeOH): lmax


(loge)=212 (4.10), 336 nm (4.11); HR-TOFMS: m/z : calcd for
C30H36O10Na: 579.2206 [M+Na]+ ; found: 579.2214.


Xylogranatin N (9): Amorphous powder, [a]25
D =�41 (c=0.15 in MeOH);


1H NMR (CD3OD): d=0.88 (s, H28), 1.04 (s, H29), 1.25 (s, H18), 1.38 (d,
J=6.7 Hz, H19), 1.92 (m, H12a), 2.14 (m, H11a), 2.34 (m, H12b), 2.42
(m, H5), 2.43 (m, H11b), 2.45 (m, H6a), 2.62 (m, H6b), 2.65 (m, H10),
3.73 (s, 7-OCH3), 5.29 (s, H3), 5.53 (s, H17), 6.39 (s, H15), 6.54 (br s,
H22), 7.00 (s, H30), 7.54 (br s, H23), 7.69 ppm (br s, H21); 3-O-(2S)meth-
ylbutyryl: 0.86 (t, J=7.4 Hz, H4’), 1.13 (d, J=7.0 Hz, H5’), 1.50 (m, H3’),
1.65 (m, H3’), 2.38 ppm (m, H2’); 13C NMR (see Table 2); UV (MeOH):
lmax (loge)= 212 (4.06), 335 nm (4.11); IR (film): ñ=3434, 2970, 2375,
1721, 1631, 1587, 1384, 1267, 1186, 1027, 875, 807, 603 cm�1; HR-
TOFMS: m/z : calcd for C32H40O10Na: 607.2519 [M+Na]+ ; found:
607.2531.


Xylogranatin O (10): Amorphous powder, [a]25
D =�28 (c=0.11 in


MeOH); 1H NMR (CD3OD): d=0.89 (s, H28), 1.03 (s, H29), 1.27 (s,
H18), 1.39 (d, J=6.7 Hz, H19), 1.93 (m, H12a), 2.14 (m, H11a), 2.34 (m,
H12b), 2.45 (m, H11b), 2.46 (m, H6a), 2.50 (m, H5), 2.63 (m, H6b), 2.67
(m, H10), 3.73 (s, 7-OCH3), 5.33 (s, H3), 5.54 (s, H17), 6.40 (s, H15), 6.56
(br s, H22), 7.04 (s, H30), 7.55 (br s, H23), 7.70 ppm (br s, H21); 3-O-tiglo-
yl: 1.83 (d, J=7.1 Hz, H4’), 1.85 (s, H5’), 6.89 ppm (q, J=7.1 Hz, H3’);
13C NMR (see Table 2); IR (film): ñ =3435, 2950, 2375, 1708, 1631, 1385,
1263, 1084, 1023, 875, 806, 603 cm�1; UV (MeOH): lmax (loge)=212
(4.18), 335 nm (4.00); HR-TOFMS: m/z : calcd for C32H38O10Na: 605.2363
[M+Na]+ ; found: 605.2374.


Xylogranatin P (11): Amorphous powder, [a]25
D =�36 (c=0.11 in


MeOH); 1H NMR (CD3OD): d=0.87 (s, H28), 1.04 (s, H29), 1.26 (s,
H18), 1.39 (d, J=6.7 Hz, H19), 1.95 (m, H12a), 2.13 (m, H11a), 2.33 (m,
H12b), 2.36 (m, H11b), 2.44 (m, H5), 2.44 (m, H6a), 2.63 (m, H6b), 2.65
(m, H10), 3.73 (s, 7-OCH3), 5.29 (s, H3), 5.54 (s, H17), 6.40 (s, H15), 6.56
(br s, H22), 7.01 (s, H30), 7.54 (br s, H23), 7.70 ppm (br s, H21); 3-O-iso-
butyryl : 1.13 (d, J=7.0 Hz, H4’), 1.17 (d, J=7.0 Hz, H3’), 2.58 ppm (m,
H2’); 13C NMR (see Table 2); IR (film): ñ=3435, 2972, 2375, 1631, 1587,
1385, 1160, 1027, 875, 651 cm�1; UV (MeOH): lmax (loge) =212 (4.12),
335 nm (4.16); HR-TOFMS: m/z : calcd for C31H38O10Na: 593.2363
[M+Na]+ ; found: 593.2373.


Xylogranatin Q (12): Amorphous powder, [a]25
D =�38 (c=0.13 in


MeOH); 1H NMR (CD3OD): d=1.08 (s, H28), 1.15 (s, H29), 1.31 (s,
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H18), 1.51 (d, J=7.4 Hz, H19), 1.90 (m, H12a), 2.11 (m, H11a), 2.40 (m,
H12b), 2.49 (m, H11b), 2.52 (s, H5), 3.24 (q, J=7.4 Hz, H10), 3.79 (s, 7-
OCH3), 4.21 (s, H6), 4.51 (s, H3), 5.56 (s, H17), 6.40 (s, H15), 6.57 (br s,
H22), 7.09 (s, H30), 7.56 (br s, H23), 7.71 ppm (br s, H21); 13C NMR (see
Table 2); IR (film): ñ=3438, 2952, 1714, 1631, 1506, 1375, 1262, 1165,
1126, 1051, 1032, 875, 805, 603 cm�1; UV (MeOH): lmax (loge)=213
(4.13), 336 nm (4.27); HR-TOFMS: m/z : calcd for C27H30O9Na: 521.1788
[M+Na]+ ; found: 521.1796.


Xylogranatin R (13): Amorphous powder, [a]25
D =++10 (c= 0.14 in


MeOH); 1H NMR (CDCl3): d=1.08 (d, J=6.5 Hz, H19), 1.11 (s, H28),
1.19 (s, H29), 1.21 (s, H18), 1.79 (m, H12a), 2.33 (m, H6a), 2.36 (m,
H12b), 2.37 (m, H5), 2.40 (m, H11a), 2.40 (m, H11b), 2.45 (m, H10), 2.50
(d, J=16.0 Hz, H6b), 3.45 (d, J=16.8 Hz, H30a), 3.70 (s, 7-OCH3), 3.75
(d, J= 16.8 Hz, H30b), 5.38 (s, H17), 6.47 (br s, H22), 6.54 (s, H3), 6.68 (s,
H15), 7.46 (br s, H23), 7.55 ppm (br s, H21); 13C NMR (see Table 2); IR
(film): ñ =3435, 2954, 2375, 1729, 1680, 1381, 1161, 1084, 1032, 875,
603 cm�1; UV (MeOH): lmax (loge) =216 (4.03), 232 nm (3.99); HR-
TOFMS: m/z : calcd for C27H32O9Na: 523.1944; found: 523.1956
[M+Na]+ .


MosherDs MTPA esters 1s/1 r and 3s/3 r : Xylogranatin F (1) (2 mg) was
treated with (R)-MTPACl (10 mL) and DMAP (1 mg) in dried pyridine
(0.5 mL) at room temperature for 5 h. The reaction mixture was concen-
trated and purified by RP-HPLC (YMC-Pack ODS S-5m, 250 P 10 mm
i.d.) with aqueous acetonitrile to afford the (S)-MTPA ester 1s. The (S)-
MTPA ester 3s and (R)-MTPA esters 1r and 3r were prepared in the
same way.


Ester 1 s : Amorphous powder; 1H NMR (CDCl3): d =0.79 (s, 3 H, H329),
1.05 (s, 3 H, H328), 1.15 (s, 3H, H318), 1.62 (s, 3H, H319), 1.77 (dt, J=


13.5, 5.0 Hz, H12b), 1.89 (dd, J=13.5, 4.0 Hz, H12a), 2.55 (dd, J=18.5,
1.0 Hz, H6b), 2.75 (d, J=9.5 Hz, H5), 2.99 (dd, J= 18.5, 9.5 Hz, H6a),
3.12 (dt, J=19.0, 5.0 Hz, H11a), 3.25 (dd, J= 19.0, 4 Hz, H11b), 5.26 (s,
H17), 5.73 (s, H3), 6.52 (br s, H22), 6.58 (s, H15), 7.48 (br s, H23), 7.56
(br s, H21), 8.22 ppm (s, H30); ESI-MS: m/z : 666 [M+H]+ , 688 [M+Na]+


.


Ester 1 r : Amorphous powder; 1H NMR (CDCl3): d =0.78 (s, 3 H, H329),
1.12 (s, 3 H, H328), 1.15 (s, 3H, H318), 1.45 (s, 3H, H319), 1.79 (dt, J=


13.0, 5.5 Hz, H12b), 1.89 (dd, J=13.0, 5.5 Hz, H12a), 2.53 (dd, J=18.0,
1.0 Hz, H6b), 2.73 (d, J=9.5 Hz, H5), 2.97(dd, J=18.0, 9.5 Hz, H6a), 3.12
(dt, J=18.5, 5.0 Hz, H11a), 3.20 (dd, J=18.5, 5.5 Hz, H11b), 5.28 (s,
H17), 5.64 (s, H3), 6.52 (br s, H22), 6.63 (s, H15), 7.48 (br s, H23), 7.56
(br s, H21), 8.26 ppm (s, H30); ESI-MS: m/z : 666 [M+H]+.


Ester 3s : Amorphous powder; 1H NMR (CD3OD): d=0.76 (s, 3 H, H29),
1.04 (s, 3 H, H18), 1.08 (s, 3 H, H28), 1.61 (s, 3 H, H19), 1.76 (m, H12b),
2.02 (m, H12a), 2.62 (d, J=18.8 Hz, H6b), 2.76 (d, J=9.5 Hz, H5), 2.78
(dd J=16.0, 11.5 Hz, H15b), 2.89 (dd, J=18.5, 16.0 Hz, H15a), 2.99 (dd,
J=18.5, 5.0 Hz, H11a), 3.15 (H11b), 3.18 (H6a), 3.20 (H14), 5.46 (s,
H17), 5.94 (s, H3), 6.62 (br s, H22), 7.60 (br s, H23), 7.68 (br s, H21),
7.89 ppm (s, H30); ESI-MS m/z : 668 [M+H]+ , 690 [M+Na]+ , 706
[M+K]+ .


Ester 3r : Amorphous powder; 1H NMR (CD3OD): d=0.74 (s, 3 H, H29),
1.04 (s, 3 H, H18), 1.21 (s, 3 H, H28), 1.28 (s, 3 H, H19), 1.76 (m, H12b),
2.02 (m, H12a), 2.61 (d, J=18.8 Hz, H6b), 2.73 (d, J=9.5 Hz, H5), 2.90
(dd, J=16.0, 11.5 Hz, H15b), 2.99 (dd, J=18.5, 16.0 Hz, H15a), 3.00
(H11a), 3.15 (H11b), 3.16 (H6a), 3.20 (H14), 5.48 (s, H17), 5.82 (s, H3),
6.63 (br s, H22), 7.60 (br s, H23), 7.68 (br s, H21), 7.93 ppm (s, H30); ESI-
MS: m/z : 690 [M+Na]+ , 706 [M+K]+ .


MosherDs MTPA esters 4’ s/4’ r : Treatment of 4 (3 mg) with (R)- and (S)-
MTPACl (15 mL) in dichloromethane (0.5 mL) with a mixture of diethyl-
amine (0.2 mL), triethylamine (0.2 mL) and DMAP (2 mg) at room tem-
perature for 12 h afforded 4’ (4 mg). Then 4’ (2 mg) was treated with (R)-
MTPACl (10 mL) and DMAP (1 mg) in dried pyridine (0.5 mL) at room
temperature for 5 h. The reaction mixture was concentrated and purified
by RP-HPLC (YMC-Pack ODS S-5m, 250 P 10 mm i.d.) with aqueous ace-
tonitrile to afford the (S)-MTPA ester 4’ s. The (R)-MTPA ester 4’ r was
prepared in the same way.


Ester 4’: Amorphous powder; 1H NMR (CDCl3): d=0.75 (s, 3H, H328),
1.03 (t, J=7.1 Hz, 3 H, H31’), 1.07 (t, J= 7.1 Hz, 3H, H31’), 1.08 (s, 3 H,


H329), 1.27 (s, 3 H, H318), 1.34 (d, J=6.8 Hz, 3H, H319), 2.04 (m, H12b),
2.19 (m, H12a), 2.28–2.33 (4 H, overlapped, H5, H6b, H11a, H11b), 2.51–
2.55 (2 H, overlapped, H6a, H10), 3.15 (m, 2 H, H22’), 3.32 (m, 2H, H22’),
3.71 (s, 7-OMe), 4.08 (s, H3), 5.36 (s, H17), 6.44 (s, H15), 6.49 (br s, H22),
6.87 (s, H30), 7.41 (br s, H23), 7.54 ppm (br s, H21); 13C NMR (CDCl3):
d=158.1 (C1), 121.3 (C2), 72.4 (C3), 39.1 (C4), 41.3 (C5), 33.5 (C6),
174.0 (C7), 148.3 (C8), 170.6 (C9), 33.3 (C10), 28.0 (C11), 32.5 (C12),
40.7 (C13), 151.3 (C14), 113.4 (C15), 164.6 (C16), 78.3 (C17), 21.3 (C18),
16.2 (C19), 120.5 (C20), 141.7 (C21), 110.1 (C22), 143.2 (C23), 24.3
(C28), 19.7 (C29), 41.9 (C2’), 40.4 (C2’), 14.4 (C1’), 13.1 ppm (C1’).


Ester 4’ s : Amorphous powder; 1H NMR (CD3OD): d=0.89 (s, 3 H,
H328), 0.96 (s, 3H, H329), 1.05 (t, J=7.1 Hz, 3 H, H31’), 1.09 (t, J=7.1 Hz,
3H, H31’), 1.24 (s, 3 H, H318), 1.38 (d, J= 6.8 Hz, 3H, H319), 2.22 (m,
H12b), 2.29 (m, H12a), 2.37 (m, H5), 2.48 (m, H11b), 2.42 (dd, J=16.8,
4.0 Hz, H6b), 2.59 (dd, J=16.8, 10.0 Hz, H6a), 2.65 (m, H11a), 2.68 (m,
H10), 3.19 (m, 2H, H2–2’), 3.46 (m, 2 H, H2–2’), 3.66 (s, 7-OMe), 5.53 (s,
H3), 5.60 (s, H17), 6.47 (s, H15), 6.55 (br s, H22), 7.09 (s, H30), 7.56 (br s,
H23), 7.70 ppm (br s, H21); ESI-MS: m/z : 538 [M�MTPAOH]+ , 560
[M�MTPAOH+Na]+ , 794 [M+Na+], 810 [M+K+].


Ester 4’ r : Amorphous powder; 1H NMR (CD3OD): d=0.88 (s, 3 H,
H328), 1.03 (t, J=7.1 Hz, 3H, H31’), 1.09 (s, 3H, H329), 1.09 (t, J=7.1 Hz,
3H, H31’), 1.22 (d, J=6.8 Hz, 3 H, H319), 1.31 (s, 3H, H318), 2.01 (m,
H12b), 2.25 (m, H12a), 2.32 (m, H5), 2.33 (m, H11b), 2.40 (dd, J=16.8,
4.0 Hz, H6b), 2.53 (m, H11a), 2.56 (dd, J= 16.8, 10.0 Hz, H6a), 2.62 (m,
H10), 3.23 (m, 2H, H2’), 3.32 (m, 2H, H2’), 3.68 (s, 7-OMe), 5.50 (s, H3),
5.62 (s, H17), 6.45 (s, H15), 6.57 (br s, H22), 7.12 (s, H30), 7.56 (br s,
H23), 7.71 ppm (br s, H21); ESI-MS: m/z : 538 [M�MTPAOH]+ , 560
[M�MTPAOH+Na]+ , 794 [M+Na]+ , 810 [M+K]+ .


Antifeedant bioassay : Mythimna separata Walker is a serious crop pest in
North China. First or second instar larvae of M. separata were collected
from a maize field in Shaanxi (China) where pesticides had not been ap-
plied. These larvae were reared in the laboratory under a controlled pho-
toperiod (12:12 h light/dark), temperature (T=25�2 8C), relative humid-
ity (RH=65% �80%), and fed daily with maize leaves until they
reached the earlier stage of the third instar larvae, when they were used
for antifeedant tests. Three groups of ten larvae each were used for the
antifeedant test of one compound. The tested compounds were dissolved
in acetone at a concentration of 1 mg mL�1. Wafer discs (1 cm diameter,
1 mm thick), which were made from maize leaves were dipped into ace-
tone solutions of each compound for 3 s and air-dried for 5 min. After
drying, one disc was placed in a Petri dish with a M. separata larva, which
had been starved for 2 h. Another disc was added after the first one had
been consumed. After 72 h, undipped discs were given to the larvae.
Discs that had been treated with acetone alone were used as a control
group. If a whole disc was consumed, food consumption was recorded as
1. If only part of a disc was consumed, the food consumption was as-
sessed by estimating the percentage of the consumed leaf surface. After
24 h, 48 h, or 72 h, the antifeedant rates (AR) were calculated by the fol-
lowing index.


AR= (C�T)P 100/C


in which C is the average consumption by one larva in the control and T
in the treatment. The concentration for 50% antifeedant effect (AFC50)
was determined by log-probit analysis. All data were treated by log–
probit analysis and 95 % fiducial limits were calculated.


Computational details : All optimizations were performed with the soft-
ware package Gaussian 03,[33] by using the DFT functional B3LYP[22] and
the basis set 6–31G(d)[23] To identify the found structures as minima fre-
quency calculations were accomplished on the same level of theory. Ro-
tational strength values for the electronic transitions from the ground
state to the singly excited states for 1 and 4 were obtained by time de-
pendent (TD) DFT calculations (B3LYP/6–31G(d)) with Gaussian 03.
Additionally GrimmeOs DFT/MRCI[26] approach (configuration selection
cutoff =0.8 Eh)


[34] was used to calculate these values for 1. Single-point
SCF calculations of the B3LYP/6–31G(d)-optimized structures with
BHLYP/SVP,[27, 35] which were needed for the DFT/MRCI calculations,
were carried out with Turbomole 5.8.[36] The rotational strength values
were summed after a Boltzmann statistical weighting and De values were
calculated by forming sums of Gaussian functions centered at the wave-
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lengths of the respective electronic transitions and multiplied by the cor-
responding rotational strengths. The CD spectra that were obtained,
were UV-corrected[25] and compared with the experimental ones.


For further experimental details and considerations on the occurrence of
the new compounds as genuine natural products, see the Supporting In-
formation.
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A New Fluorescent Calix Crown Ether: Synthesis and Complex ACHTUNGTRENNUNGFormation
with Alkali Metal Ions


Ion Stoll,[a] Jens Eberhard,[a] Ralf Brodbeck,[b] Wolfgang Eisfeld,[b] and Jochen Mattay*[a]


Introduction


Resorc[4]arenes are important in the field of supramolecular
chemistry and have been the subject of a number of re-
views.[1] They are used as host systems for noncovalent inter-
actions, and moreover, as building blocks for extended su-
pramolecules like carcerands,[2,3] deepened cavitands[4] and
other large receptor molecules.[5] The driving forces for non-
covalent interdependence are cation–p, CH–p and hydro-
phobic interactions as well as C�H and O�H hydrogen
bonds.[6,7] The latter might be the most significant driving
force, and therefore, the supramolecular chemistry of resor-
c[4]arenes with unfunctionalised hydroxyl groups differs
considerably from functionalised ones, such as the cavi-
tand.[8] Owing to the shape of the cavitand, it is highly
tempting to expect that a crown ether-like, p-electron-donat-
ing all-in-one device, which is suitable for an all-purpose su-


pramolecule will be formed. However, knowledge of inter-
actions of the cavitand with small guest molecules in solu-
tion are limited and the strength of the interaction is
minor.[9] For this reason more sophisticated supramolecules,
starting from cavitands, are necessary. Popular examples,
analogous to phenol calixarenes,[10] are the combination of a
cavitand with a crown ether,[11] and the incorporation of cav-
itands in crown ethers.[12,13] The binding abilities of crown
ethers and aza crown ethers are well-established,[14] as is
their use as sensors.[15]


Herein, we present the synthesis and binding studies of a
novel fluorescent N-benzylaza-21-crown-7 ether with a dihy-
droxy coumarin chromophore.[16–18] Based on this crown
ether, we synthesised the first fluorescent cavitand crown
ether and also carried out binding studies in solution. Con-
formations of the complexes formed were investigated by
DFT calculations.


Results and Discussion


7,8-Dihydroxycoumarin (1) was prepared according to a
procedure by Sugimo and Tanaka.[19] The synthesis of the
benzo crown ether was carried out in an analogous manner
to that reported by Gokel et al. (Scheme 1).[20] Triethylene
glycol tolylsulfonyl ether (2) was used to attach the glycol
units to the coumarin hydroxyl groups to give 3. Tosylation
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zylaza-21-crown-7 ether 5 with a dihy-
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haviour towards alkali metal cations in
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and cyclisation using benzyl amine finally gave crown ether
5. For further synthetic steps the benzyl group has to be re-
moved. Benzyl groups are prevailing protecting groups for
aza crown ethers and are generally removed by hydrogena-
tion (Scheme 2).[21]


Tetrabromo cavitand 7[22] was treated with one equivalent
of n-butyllithium and equilibrated for two hours to control
the product distribution to the mono-functionalised species
(Scheme 3). Subsequently, methyl chloroformate was
added.[23] Methyl ester 8 was reduced with LiAlH4 in THF.


This step was the problematic stage of the synthesis. In the
simple case with four methyl esters, ambient conditions
were sufficient.[24] In our case there are three remaining bro-
mines on the resorcarene moiety. Their removal requires
higher reaction temperatures and causes formation of by-
product 10. With increasing reaction time, concurrent bro-
mine removal and opening of the cavitand can be monitored
by MALDI-TOF mass spectrometry. We tried to control the
conditions in favour of benzyl alcohol 9, but so far our en-
deavours have not been successful.
The reaction was carried out several times with only fair


yields of up to 34% of 9. Treatment of the methyl ester with
LiAlH4 for only a few minutes followed by removal of bro-
mine in a further reaction by successive addition of n-butyl-
lithium and methanol gave the best results. However, forma-
tion of byproduct 10 could still not be suppressed complete-
ly.
Substitution of the hydroxyl group of 9 proceeds in


almost quantitative yield to give benzyl bromide 11, whereas
subsequent substitution to form calix crown ether 12 pro-
ceeds with the expected moderate yield for nucleophile sub-
stitution reactions with aza crown ethers. In addition, the
isolated yield is reduced by the efficient chromatographic
workup (Scheme 4).


1H NMR spectra of 12 are shown in Figure 1. The spec-
trum in Figure 1a shows 12 purified by column chromatogra-
phy on silica gel. Silica gel provides cations on the surface,
and hence, broadened resonances of the host protons as a
result of complexed ions are observed. Most apparent is the
broadening of the signals that belong to the methylene unit
located between two phenolic oxygen atoms (arrows at low


Scheme 1. Synthesis of luminescent crown ether 5. a) K2CO3, DMF;
b) TsCl, NEt3, CH2Cl2; c) K2CO3/Cs2CO3, benzyl amine, MeCN, 80 8C,
39 h.


Scheme 2. Removal of the benzyl protecting group. a) HCl, Pd/C, iPrOH,
50 8C, 45 min.


Scheme 3. Monofunctionalisation of the resorcarene scaffold. a) i) 1 equiv
n-butyllithium, THF, �78 8C, 1.5 h; ii) methyl chloroformate, 12 h, RT;
b) i) LiAlH4, THF, 3.5 h, 60 8C; ii) 12 h, RT.
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field). In a similar way, but to a lesser extent, most of the
other signals are also broadened and/or shifted. After filtra-
tion through basic alumina, which is a standard chromato-
graphic procedure in crown ether chemistry, the cations are
detached and the resonances are now well resolved (Fig-
ure 1b).
Crown ethers that contain a coumarin fluorophore are


known as photoinduced-charge-transfer (PCT) cation sen-
sors. Upon cation binding, spectral changes in the emission


spectra appear owing to the change of the excited-state
dipole.[25] In contrast, dihydroxy coumarin cryptands are re-
ported to act as photoinduced-electron-transfer (PET) sen-
sors.[16] Upon cation binding or protonation, these com-
pounds show an enhanced fluorescence intensity. This indi-
cates a PET mechanism by electron transfer from the nitro-
gen lone pair to the coumarin in the non-complexed form.
We investigated the PET activity for our fluorescence sys-
tems 5 and 12 by titration with trifluoroacetic acid, which
demonstrates the absence of PET. Only minor changes were
observed after addition of multiple equivalents of trifluoro-
acetic acid. It seems that the nitrogen lone pair is too far
away from the coumarin unit for an efficient electron trans-
fer. Hence, we assume a PCT mechanism for both host sys-
tems.
The absorption spectrum of 5 shows the typical shape of a


7,8-substituted coumarin, with an absorption maximum at
316 nm, a small maximum at 253 nm, and a maximum in the
region of aromatic absorbance at 210 nm. The emission
maximum is at 452 nm (Figure 2).[26, 27]


The absorption and emission spectra of calix crown ether
12 is shown in Figure 3. Aside from an absorption at


Scheme 4. Synthesis of luminescence host 12. a) PBr3, CH2Cl2, 1 h, RT;
b) Cs2CO3, DMF, 80 8C, 44 h.


Figure 1. 1H NMR spectra of 12 in CDCl3, 500 MHz. a) Prior to and
b) after filtration through basic alumina.


Figure 2. Absorption (c) and emission (a) spectra of coumarin
crown ether 5 in methanol (c=5L10�5m, bandwidth=0.5 nm). Raman
and Rayleigh peaks are not removed.


Figure 3. Absorption (c) and emission (a) spectra of calix crown
ether 12 in methanol (c=1L10�5m, bandwidth=0.5 nm). Raman and
Rayleigh peaks have not been removed. Inset: Absorption spectrum of
C-undecylcavitand in methanol.
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316 nm, two poorly resolved absorption bands appear at 286
and 276 nm. These maxima result from the resorcarene
moiety, as shown by comparison to the absorption spectrum
of an unsubstituted cavitand (Figure 3, inset and the litera-
ture[22]). The maximum at 452 nm of the emission spectrum
is analogous to 5.
Crown ether 5 and calix crown ether 12 were titrated with


solutions that contained different alkali metal acetates to
determine binding constants. For example, the emission
spectra of 12 recorded after the addition of potassium ace-
tate is shown in Figure 4.


The association constants for a 1:1 complex were calculat-
ed from non-linear curve fitting by iterative solution of
Equation (1):


I ¼ I0 þ
I lim�I0
½H�0


1=2


�
½H�0 þ ½G� þK�1�


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð½H�0 þ ½G� þK�1Þ2�4½H�0½G�


p � ð1Þ


Equation (1) gives the relationship between the fluores-
cence intensity I, and the association constant K. [H0] is the
initial host concentration and [G] is the guest concentration.
The initial fluorescence intensity, I0, is measured from the
host emission spectra in the absence of guest. The final in-
tensity, Ilim, was ascertained by measurement of the saturat-
ed complex fluorescence intensity or was treated as a float-
ing parameter. A detailed derivation of Equation (1) and
further information can be found in the literature.[28]


The addition of an alkali metal solution (0.01, 0.05, 0.1
and/or 0.5m, see Experimental Section) in methanol to a so-
lution of the host system in methanol (1.0L10�5m) results in
a decreasing fluorescence intensity at a given excitation
wavelength. The plot of fluorescence intensity of host 12
versus potassium concentration is shown in Figure 5.
A 1:1 complex can be estimated by the shape of the bind-


ing isotherm. There was no evidence of a 1:2 (H/G) complex
during our work. For example, ESI-MS studies could not


give any proof for the formation of a 1:2 complex
(Figure 6). A doubly charged 1:2 complex would appear, de-
pending on the guest cations, in the range m/z 810–935. Fi-
nally the complex stoichiometry was assured by a represen-
tative Job plot[29] for the complex of 12 with potassium (cK+


12=1L10�5m).


Discussion


The binding constants for various alkali metal complexes
with host systems 5 and 12 are summarised in Table 1. For
all titration plots the coefficient of determination is higher
than 0.99. Alkali acetates were used because of their high
solubility. The same results were obtained by using potassi-
um and caesium chlorides, which indicates that the counter-
ion does not have an influence.
The association constant of the potassium complex ex-


ceeds the association constant for the other alkali metal
complexes for both host systems. The preference of N-ben-
zylaza-21-crown-7 for potassium compared with caesium


Figure 4. Emission spectra of 12 in methanol upon addition of potassium
acetate solution.


Figure 5. Measured (*) and calculated (c) fluorescence intensity of
the potassium complex of 12. Inset: Job plot for the complex of 12 with
potassium (coverall=1L10�5m).


Figure 6. ESI mass spectrum of 12 and sodium, potassium and caesium
chlorides in methanol (chost=1L10�5m, cguest=1L10�2m).
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and sodium has also been reported before by means of calo-
rimetric titrations, and is in very good agreement with our
results.[30] The caesium ion is not appropriate for the provid-
ed coordination sphere, and therefore, weaker complexes
are formed. Stronger complexes are formed with potassium
and rubidium. Sodium is too small for efficient binding to
the crown ether. The results are also in good agreement
with the Shannon ionic radii.[31] We assume that the slightly
smaller association constants for 5 compared with those re-
ported for N-benzylaza-21-
crown-7 are as a result of the
reduced flexibility caused by
the incorporated coumarin unit.
However, the preference to-
wards potassium and rubidium
over caesium and sodium is still
confirmed.
The association constants for


the alkali metal–calix crown
ether complex are one order of
magnitude larger than those of
the corresponding crown ether
complexes, except for the
sodium complex. The associa-
tion constant of the potassium
complex noticeably exceeds
that of the caesium and rubidi-
um complexes of 12. In summa-
ry, both host systems show the
highest selectivity towards po-
tassium and the binding affinity
is increased by the attached
cavitand. The preference for
sodium is only weakly influ-
enced by the cavitand, presum-
ably for the reasons mentioned above.
Sandwich complexes formed from two crown ethers or a


bis(crown ether) and one cation are known, especially for
big cations.[32] For bis(crown ether)s the binding ability to-
wards a cation is enhanced owing to the entropic term by
formation of an intramolecular sandwich complex. The ob-
served difference of the binding constants of alkali metal
complexes of 5 compared with the alkali metal complexes of
12 are in good agreement with bis(crown ether) com-
plexes.[33] From this and the established complex stoichiome-


try, we assume that 12 forms a sandwich-like complex geom-
etry with larger alkali metal cations.
In principle, there are two possible enthalpic contributions


for an increased binding constant for a calix crown ether
sandwich complex: 1) cooperative complexation that in-
volves few or several resorcarene oxygen atoms and crown
ether oxygen atoms to form a suitable coordination sphere
for the cation, and 2) stabilisation through cation–p interac-
tions by the aromatic rings of the resorcarene. To evaluate
this and gain further insight into the structural difference of
the complexes of 12 formed with different alkali metal ions,
we examined selected complexes by structure optimisation
and harmonic normal mode analysis in the framework of
Kohn–Sham DFT (for details see the Experimental section).
Calculations were carried out for the potassium and caesium
complexes of 12, starting from a sandwich-like complex ge-
ometry. For the calculations a model compound of 12 was
used. The lower rim n-undecyl groups were replaced by
methyl groups, but this has no influence on the rigid resorc-
ACHTUNGTRENNUNGarene cavity. The calculated structures are shown in
Figure 7.


Because van der Waals and other dispersive interactions
are not correctly described by the approximate exchange-
correlation functionals currently used,[34] complexation ener-
gies were not calculated. As mentioned above, the measured
association constants are in agreement with a sandwich-like
complex geometry. Therefore, conformational isomers of 12
whose crown ether covers the resorcarene were chosen.
These conformations are energetically most favourable and
should be important in solution. The metal cations find
many possible coordination sites in these structures, which
results in many attracting local minima in structure optimi-


Table 1. Association constants of 5 and 12 in methanol with various
alkali metal acetates at 25 8C.


Compound Guest K [m�1] log K R2


12


Na+
ACHTUNGTRENNUNG(4.4�0.6)L102 2.64�0.06 0.994


K+
ACHTUNGTRENNUNG(1.1�0.2)L105 5.03�0.08 0.997


Rb+
ACHTUNGTRENNUNG(6.3�0.5)L104 4.80�0.03 0.997


Cs+
ACHTUNGTRENNUNG(2.0�0.1)L104 4.29�0.03 0.999


5


Na+
ACHTUNGTRENNUNG(3.3�0.6)L102 2.51�0.06 0.994


K+
ACHTUNGTRENNUNG(8.6�1.1)L103 3.93�0.06 0.994


Rb+
ACHTUNGTRENNUNG(8.2�0.8)L103 3.91�0.04 0.995


Cs+
ACHTUNGTRENNUNG(4.4�0.9)L103 3.64�0.07 0.991


Figure 7. Calculated structures for the potassium and caesium complexes of 12.
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sations. Hence, two coordination isomers were preselected
as starting configurations: in the first one the cation was
closer to the aza crown ether and in the second isomer it
was closer to the resorcarene. For the potassium complex
two minima were found, but for the caesium complex only
one minimum could be located for coordination by the calix
crown ether (Figure 7). For the illustration the Shannon
ionic radii for the sixfold coordinated potassium and the
eightfold coordinated caesium were used. The resorcarene
atoms are displayed in 33% van der Waals radii. The first
minimum of the potassium complex is only 2 kcalmol�1


lower in energy than the second minimum (which includes a
zero-point energy correction). The (effective) coordination
number for the first minimum is seven and the K···O distan-
ces (of coordinating oxygen atoms) range from 282 to
299 pm (oxygen atoms 1, 4, 7, 13, 16, 19, d). For the second
minimum the coordination number is six and the K···O/N
distances are from 277 to 311 pm (oxygen/nitrogen atoms 1,
4, 7, 10, a, d). This does not prove, but makes plausible, a
sixfold coordination in solution. For the caesium complex
the coordination number is eight. The Cs···O distances (of
coordinating oxygen atoms) range from 311 to 375 pm
(oxygen atoms 1, 4, 7, 13, 16, 19, c, d). As is to be expected,
in all three compounds the metal cations coordinate to
oxygen atoms of the aza crown ether and of the resorcarene.
Only a few resorcarene oxygen atoms seem to participate.
In summary, the crown ether oxygen atoms and the resorcar-
ene oxygen atoms are able to form different coordination
spheres, which are dependent on the size of the guest.


Conclusions


We have presented the synthesis of a new fluorescence sens-
ing crown ether (5) and the first fluorescence sensing calix
crown ether (2) based on a resorcarene scaffold. The com-
plexation abilities of the host systems towards alkali metal
cations in methanol were studied in great detail by fluores-
cence titration and clearly show a size-dependent selectivity.
An incorporation of the cavitand into the supramolecular
host system increases the strength of the complexes formed.
Based on these results, we assume that there is a coopera-
tive effect in complex formation of 12 by the resorcarene
scaffold and the crown ether moiety. This assumption was
confirmed by DFT calculations for the complexes of 12 with
potassium and caesium.


Experimental Section


General procedure for fluorescence titrations : A solution of the host
system was prepared in methanol (c=1.0L10�5m). Methanol=99.9%,
A.C.S. spectrophotometric grade, was purchased from Aldrich and used
as received. The host solution (1.0 mL) was transferred with a transfer
pipette to a PTFE-stoppered 10L4 mm half micro quartz cuvette from
Hellma. When not in use the cuvette was stored in CaroNs Acid. Spectra
were recorded three to five times and accumulated. Subsequently, small
amounts of alkali metal acetate (caesium acetate 99%, purchased from


Acros Organics; rubidium acetate 99.8%, purchased from Alfa Aesar;
sodium and potassium acetate 99%, Merck) solutions in methanol (1 and
2 mL of a 0.01m solution; 1 and 5 mL of a 0.1m solution; 1 mL of a 0.5m


solution in the case of sodium to reach complex saturation) were added.
This led to a host/guest ratio ranging from 1:1 to at least 1:250 at satura-
tion concentration. The cuvette was shaken for 1 min and was allowed to
equilibrate for an additional 1 min. After each addition spectra were re-
corded until complex saturation was reached. Care was taken to increase
the reaction volume less than 6%. The excitation wavelength was 318 nm
and the monochromator bandwidth was set to 4 nm for the excitation
and the emission monochromator. All spectra were recorded by using a
Perkin–Elmer LS50B luminescence spectrometer and a Perkin–Elmer
Lambda 40 UV/Vis spectrometer. For Equation (1) integrated fluores-
cence intensities were used. Integrations were carried out with the soft-
ware Spekwin32[35] from the isoemissive point to the baseline (625 nm).
This approach was used for the sake of precision caused by the slight
blueshift.


Details of calculations : The Kohn–Sham DFT calculations reported
herein were performed with the Gaussian 03 program,[36] using the
B3LYP[37] hybrid density functional (with the VWN-III, not the VWN-V
functional), which is known to give reasonable equilibrium structures and
normal mode frequencies for many compound classes.[34] To reduce the
number of necessary basis functions, effective core potentials (ECP) and
corresponding basis sets, of Stevens et al.[38] for H (only basis set, no
ECP), C, N and O, and of Preuss et al.[39] for K and Cs, were used. The
basis sets of C, N and O were augmented with polarisation functions (for
K and Cs these are already part of the basis sets). For the structure opti-
misations, an integration grid of 99 radial shells with 590 angular points
per shell for all atoms (pruned for nonmetals, unpruned for metals) was
used. The threshold for maximum force was 4.5L10�4 a.u., the threshold
for maximum displacement in internal coordinates was 1.8L10�3 a.u. This
leads to equilibrium structures with energies consistent to 10�7 a.u. (the
same accuracy as for the electronic energy). In the normal mode analyses
the integration grid accuracy was reduced to 75 radial shells with 302 an-
gular points per shell (pruned for nonmetals, unpruned for metals). All
theoretical structures reported herein were confirmed to be true minima
by harmonic normal mode analysis. Throughout this work we used the
charge density fitting approximation for Coulomb integrals[40] with auto-
matically generated auxiliary basis sets and the Gaussian Fast Multipole
Method.[41] Cartesian coordinates and electronic energies are available in
the Supporting Information.


Toluene-4-sulfonic acid 2-[2(hydroxy-ethoxy)ethoxy]ethyl ester (2):
p-Toluenesulfonic acid chloride (12.88 g, 68 mmol) was added portion-
wise to a solution of triethylene glycol (40.02 g, 267 mmol) and triethyl-
amine (13.82 g, 137 mmol) in methylene chloride (100 mL) at 0 8C. The
solution was stirred for 2 h at this temperature. The organic layer was
washed with saturated NaHCO3 solution and was dried over anhydrous
MgSO4. After evaporation the crude product was purified by flash
column chromatography (SiO2, chloroform/methanol 98:2) to yield a col-
ourless oil (13.91 g, 46 mmol, 68%). 1H NMR (CDCl3, 500 MHz, 27 8C):
d=7.77 (d, 3J=8.2 Hz, 2H; ArH), 7.31 (d, 3J=8.2 Hz, 2H; ArH), 4.13 (t,
3J=5.2 Hz, 2H; OCH2CH2OTs), 3.68 (t, 3J=5.6 Hz, 2H; OCH2CH2O),
3.67 (t, 3J=6.3 Hz, 2H; OCH2CH2O), 3.57 (br s 4H; OCH2CH2O), 3.54
(t, 3J=5.2 Hz, 2H; OCH2CH2O), 2.41 (s, 3H; CH3), 2.28 ppm (s, 1H,
OH); 13C NMR (CDCl3, 125 MHz, 27 8C): d =144.8, 132.9, 129.8, 127.9,
72.4, 70.7, 70.2, 69.1, 68.6, 61.7, 21.6 ppm.


7,8-Bis(2-{2-[2-hydroxyethoxy]ethoxy}ethoxy)-4-methyl-2H-chromen-
2-on (3): K2CO3 (4.74 g, 34.3 mmol) was suspended in a solution of 1
(3.00 g, 15.6 mmol) and 2 (10.45 g, 34.3 mmol) in N,N-dimethylformamide
(75 mL). The solution turned yellow and was stirred for 23 h at 80 8C
under an argon atmosphere. The solvent was removed in vacuo and the
residue was dissolved in water (150 mL). The acidity was adjusted to
pH 3 with dilute HCl. The aqueous phase was extracted with methylene
chloride (5L 50 mL) and the combined organic phase was dried over an-
hydrous MgSO4. After evaporation the crude product was purified by
flash column chromatography (Al2O3, methylene chloride/diethyl ether/
ethanol 2:2:1) to give a yellowish oil (5.94 g, 13.0 mmol, 83%). 1H NMR
(CD3OD, 500 MHz, 27 8C): d =7.46 (d, 3J=9.0 Hz, 1H; ArH), 7.08 (d,
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3J=9.0 Hz, 1H; ArH), 6.17 (d, 4J=1.3 Hz, 1H; coumarin), 4.31–4.25 (m,
4H; OCH2CH2O), 3.93–3.88 (m, 2H; OCH2CH2O), 3.87–3.83 (m, 2H;
OCH2CH2O), 3.75–3.69 (m, 4H; OCH2CH2O), 3.67–3.59 (m, 8H;
OCH2CH2O), 3.57–3.50 (m, 4H; OCH2CH2O), 3.43 (d, 4J=1.3 Hz, 3H;
coumarin), 3.54 (t, 3J=5.2 Hz, 2H; OCH2CH2O), 2.41 (s, 3H; CH3);
13C NMR (CD3OD, 125 MHz, 27 8C): d =163.0, 156.2, 155.8, 148.9, 136.7,
121.3, 116.1, 112.6, 111.2, 74.0, 73.70, 73.67, 71.83, 71.76, 71.6, 71.53,
71.47, 70.7, 70.1, 62.2, 18.8 ppm; HRMS (ESI): m/z : calcd for C22H32O10+


H+ [M+H]+ 457.20682; found: 457.20655; IR (ATR): n̄ =3253, 2867,
1716, 1605, 1564, 1507, 1448, 1386, 1374, 1299, 1247, 1106, 1064, 936, 880,
860, 848, 806 cm�1.


7,8-Bis(2-{2-[2-(p-tolylsulfonyloxy)ethoxy]ethoxy}ethoxy)-4-methyl-2H-
chromen-2-on (4): A solution of 3 (5.58 g, 12.2 mmol) and triethylamine
(4.74 mL, 34.2 mmol) in methylene chloride (50 mL) was cooled to 0 8C.
p-Toluenesulfonic acid chloride (6.52 g, 34.2 mmol) was added rapidly
portionwise and the mixture was stirred for 16 h. Water (50 mL) was
added and adjusted to pH 3 with dilute HCl. The aqueous phase was ex-
tracted with methylene chloride (3L) and the combined organic phase
was washed with saturated NaHCO3 solution and dried over anhydrous
MgSO4. The crude product was purified by flash column chromatography
(SiO2; i) chloroform, ii) chloroform/methanol 97:3, iii) chloroform/metha-
nol 94:6) to give a yellowish oil (3.37 g, 4.40 mmol, 36%). 1H NMR
(CDCl3, 500 MHz, 27 8C): d=7.76 (d, 4H, 3J=8.2 Hz, ArTsH), 7.31 (d,
4H, 3J=8.2 Hz; ArTsH), 7.25 (d, 3J=8.8 Hz, 1H; ArH, coumarin), 6.88
(d, 3J=8.8 Hz, 1H; ArH, coumarin), 6.11 (s, 1H; coumarin), 4.27–4.19
(m, 4H; OCH2CH2O), 4.16–4.08 (m, 4H; OCH2CH2O), 3.87–3.82 (m,
2H; OCH2CH2O), 3.82–3.77 (m, 2H; OCH2CH2O), 3.67–3.62 (m, 8H;
OCH2CH2O), 3.60–3.57 (m, 2H; OCH2CH2O), 3.57–3.53 (m, 2H;
OCH2CH2O), 2.40 (s, 6H; CH3-Ts), 2.36 ppm (s, 3H; CH3, coumarin);
13C NMR (CDCl3, 125 MHz, 27 8C): d =160.6, 154.6, 152.6, 147.8, 144.84,
144.76, 135.8, 132.9, 132.84, 132.82, 129.82, 129.80, 127.92, 127.90, 119.5,
115.0, 112.4, 109.8, 72.9, 70.8, 70.7, 70.5, 69.6, 69.3, 69.2, 68.9, 68.7, 68.6,
21.6, 18.8 ppm; HRMS (ESI): m/z : calcd for C36H44O14S2+H+ [M+H]+


765.22452; found: 765.22398; IR (ATR): n̄=2872, 1725, 1601, 1563, 1506,
1448, 1384, 1352, 1297, 1244, 1174, 1095, 1011, 919, 816, 772, 663,
554 cm�1.


10-(Benzyl)-22-methyl-2,3,5,6,8,9,11,12,14,15,17,18-
dodecahydrochromenon ACHTUNGTRENNUNG[7,8-b][1,4,7,13,16,19,10]hexaoxaazacyclohenico-
sin-24 ACHTUNGTRENNUNG(8H)-on (5): A solution of 4 (4.97 g, 6.5 mmol) in dry acetonitrile
(100 mL) that contained Cs2CO3 (4.24 g, 13.0 mmol) and K2CO3 (1.80 g,
13.0 mmol) was heated under an argon atmosphere to 80 8C. Freshly dis-
tilled benzyl amine (0.85 mL, 7.8 mmol) was added and the suspension
was heated for additional 39 h. The solvent was removed in vacuo and
the residue was dissolved in methylene chloride (10 mL) and water
(10 mL). The solution was adjusted to pH 6–7 with dilute HCl. The aque-
ous phase was extracted with methylene chloride (4L) and the combined
organic phase was dried over anhydrous MgSO4. The solvent was re-
moved in vacuo and the crude product was purified by flash column
chromatography (Al2O3; i) diethyl ether/methanol 99:1, ii) diethyl ether/
methanol 97:3) to yield a yellowish oil (0.44 g, 0.83 mmol, 13%).1H NMR
(CD3OD, 500 MHz, 27 8C): d=7.41 (d, 3J=8.8 Hz, 1H, ArH, coumarin),
7.33–7.16 (m, 5H, ArBnzH), 7.08 (d, 3J=8.8 Hz, 1H; ArH, coumarin),
6.14 (d, 4J=1.3 Hz, 1H; coumarin), 4.29–4.23 (m, 4H; OCH2CH2O),
3.91–3.86 (m, 4H; OCH2CH2O), 3.80–3.53 (m, 16H; OCH2CH2O), 2.79–
2.75 (m, 2H; NCH2), 2.74–2.70 (m, 2H; NCH2), 2.40 ppm (s, 3H; CH3,
coumarin); 13C NMR (CD3OD, 125 MHz, 27 8C): d =162.9, 156.2, 155.7,
148.8, 136.8, 130.4, 129.2, 128.1, 121.2, 116.0, 112.5, 111.1, 74.1, 72.0,
71.73, 71.67, 71.63, 71.57, 70.6, 70.2, 60.8, 54.8, 54.7, 18.8 ppm; HRMS
(ESI): m/z : calcd for C29H37NO8+H+ [M+H]+ 528.25919; found:
528.25926; IR (ATR): n̄=2922, 2867, 1724, 1602, 1562, 1506, 1448, 1384,
1369, 1296, 1243, 1202, 1090, 964, 847, 700 cm�1.


22-methyl-2,3,5,6,8,9,11,12,14,15,17,18-dodecahydrochromenon ACHTUNGTRENNUNG[7,8-b]
[1,4,7,13,16,19,10]hexaoxaazacyclohenicosin-24 ACHTUNGTRENNUNG(8H)-on (6): N-Benzylaza-
21-crown-7 ether (5) (22 mg, 0.042 mmol) and the same amount in weight
of Pd/C (10% Pd) were suspended in 2-propanol (4 mL) and concentrat-
ed HCl (0.4 mL) was added. The mixture was heated to 50 8C and stirred
vigorously under a hydrogen atmosphere. The reaction was monitored by
MALDI-TOF and filtered after complete conversion (45 min). The filter


cake was washed with 2-propanol and the solvent was removed in vacuo
to yield a yellowish oil (16 mg, 0.038 mmol, 92%). 1H NMR (CDCl3/
CD3OD 1:1, 500 MHz, 27 8C): d=7.37 (d, 3J=8.8 Hz, 1H; ArH, coumar-
in), 6.95 (d, 3J=8.8 Hz, 1H; ArH, coumarin), 6.15 (d, 4J=1.3 Hz, 1H;
coumarin), 4.30–4.23 (m, 4H; OCH2CH2O), 3.93–3.87 (m, 4H;
OCH2CH2O), 3.75–3.70 (m, 4H; OCH2CH2O), 3.70–3.61 (m, 8H;
OCH2CH2O), 3.03–2.96 (m, 4H; NCH2), 2.41 ppm (s, 3H; CH3, coumar-
in); 13C NMR (CD3OD/CDCl3 1:1, 125 MHz, 27 8C): d=162.1, 155.1,
154.5, 148.1, 136.0, 120.7, 115.6, 112.6, 110.3, 73.5, 71.09, 71.06, 70.82,
70.76, 70.6, 69.9, 69.2, 68.0, 67.7, 48.0, 18.9 ppm.


C-Undecyltribromomethoxycarbonylcavitand (8): A solution of 7[22]


(4.84 g, 3.29 mmol) in anhydrous THF (125 mL) under an argon atmos-
phere was cooled to �78 8C and n-butyllithium (2.3 mL of a 1.6m solution
in hexane, 3.68 mmol) was added rapidly. After 1.5 h methyl chlorofor-
mate (2 mL, 25.8 mmol) was added and the mixture was allowed to warm
to room temperature within 12 h. Methanol (10 mL) was added and the
solvent was removed in vacuo. The residue was dissolved in chloroform
and the organic layer was washed with water (3L) and dried over anhy-
drous MgSO4. Evaporation gave the crude product as a yellow oil. After
column chromatography (SiO2, cyclohexane/ethyl acetate 9:1) the pure
product was obtained as colourless solid (2.6 g, 1.8 mmol, 55%).
1H NMR (CDCl3, 500 MHz, 27 8C): d=7.13 (s, 1H; ArH), 7.00 (s, 1H;
ArH), 7.00 (s, 2H; ArH), 5.92 (d, 2J=7.6 Hz, 2H; OCH2O), 5.78 (d, 2J=


7.6 Hz, 2H; OCH2O), 4.83 (t, 3J=8.2 Hz, 2H; ArCHAr), 4.77 (t, 3J=


8.2 Hz, 2H; ArCHAr), 4.46 (d, 2J=7.5 Hz, 2H; OCH2O), 4.34 (d, 2J=


7.5 Hz, 2H; OCH2O), 3.88 (s, 3H; OCH3), 2.18–2.11 (m, 8H; CHCH2),
1.35–1.20 (m, 72H; CH2), 0.86 ppm (t, 3J=7.6 Hz, 12H; CH3);


13C NMR
(CDCl3, 125 MHz, 27 8C): d=166.6, 152.5, 152.1, 150.8, 139.3, 139.1,
138.8, 138.6, 124.0, 121.8, 118.9, 118.8, 113.7, 99.0, 98.4, 53.1, 37.6, 36.9,
31.9, 29.9, 29.7, 29.4, 27.7, 22.7, 14.1 ppm; HRMS (ESI): m/z : calcd for
C78H111Br3O10+Na+ [M+Na]+ 1467.56196; found: 1467.55918; IR (KBr):
n̄=2925, 2853, 1744, 1538, 1469, 1453, 1301, 1256, 1142, 1092, 1018, 983,
961, 789, 722, 583 cm�1.


C-Undecylmonohydroxymethylcavitand (9): A mixture of 8 (3.82 g,
2.64 mmol) and LiAlH4 (300 mg, 8 mmol) in anhydrous THF (175 mL)
under an argon atmosphere was heated at reflux for 3.5 h and additional
LiAlH4 (150 mg, 2.6 mmol) was added. The mixture was stirred for 12 h
at room temperature and treated with methanol (15 mL). Dilute HCl was
added until the mixture became acidic. The mixture was extracted with
chloroform (3L). The organic layer was washed with saturated NaHCO3


solution and brine, and dried over anhydrous MgSO4. After evaporation
the crude product was purified by column chromatography (SiO2, cyclo-
hexane/ethyl acetate 10:3) to yield a colourless solid (1.07 g, 0.9 mmol,
34%) and byproduct 10 as colourless solid (0.17 g, 0.15 mmol, 5%).


9 : 1H NMR (CDCl3, 500 MHz, 27 8C): d=7.12 (s, 1H; ArH), 7.07 (s, 2H;
ArH), 7.07 (s, 1H; ArH), 6.53 (s, 1H; ArH), 6.44 (s, 2H; ArH), 5.80 (d,
2J=6.9 Hz, 2H; OCH2O), 5.70 (d, 2J=6.9 Hz, 2H; OCH2O), 4.74 (t, 3J=


8.2 Hz, 2H; ArCHAr), 4.69 (t, 3J=7.9 Hz, 2H; ArCHAr), 4.66 (d, 3J=


3.1 Hz, 2H; ArCH2) 4.53 (d, 2J=6.9 Hz, 2H; OCH2O), 4.39 (d, 2J=


6.9 Hz, 2H; OCH2O), 2.28–2.11 (m, 8H; CHCH2), 1.67 (t, 3J=3.1 Hz,
1H; OH), 1.48–1.20 (m, 72H; CH2), 0.86 ppm (t, 3J=6.9 Hz, 12H; CH3);
13C NMR (CDCl3, 125 MHz, 27 8C): d =155.0, 154.7, 154.6, 153.8, 138.3,
138.24, 138.17, 138.1, 125.6, 120.5, 120.4, 116.9, 116.5, 99.9, 99.3, 60.4,
55.1, 36.6, 36.3, 31.9, 29.9, 29.84, 29.75, 29.7, 29.4, 27.9, 22.7, 14.1 ppm;
HRMS (ESI): m/z : calcd for C77H114O9+NH4


+ [M+NH4]
+ 1200.88011;


found: 1200.87999; IR (ATR): n̄=3337, 2919, 2850, 1609, 1578, 1491,
1459, 1420, 1289, 1181, 1078, 1020, 960, 719, 580 cm�1.
10 : 1H NMR (CDCl3, 500 MHz, 27 8C): d=7.98 (s, 1H; ArOH), 7.14 (s,
1H; ArH), 7.12 (s, 1H; ArH), 7.11 (s, 1H; ArH), 7.03 (s, 1H; ArH), 6.50
(s, 1H; ArH), 6.44 (s, 1H; ArH), 6.43 (s, 1H; ArH), 5.83 (d, 2J=7.2 Hz,
1H; OCH2O), 5.76 (d, 2J=7.2 Hz, 1H; OCH2O), 5.67 (d, 2J=7.2 Hz, 1H;
OCH2O), 4.75 (dd, 3J=8.1 Hz, 3J=8.1 Hz, 1H; ArCHAr), 4.69 (dd, 3J=


7.9, 7.9 Hz, 1H; ArCHAr), 4.68 (dd, 2J=11.9, 3J=8.0 Hz, 1H; ArCH2)
4.66 (dd, 3J=8.1, 8.1 Hz, 1H; ArCHAr), 4.56 (dd, 2J=11.9, 3J=8.0 Hz,
1H; ArCH2), 4.48 (d, 2J=7.2 Hz, 1H; OCH2O), 4.41 (d, 2J=7.2 Hz, 1H;
OCH2O), 4.37 (d, 2J=7.2 Hz, 1H; OCH2O), 4.28 (dd, 3J=7.9, 7.9 Hz,
1H; ArCHAr), 3.82 (s, 3H; OCH3), 2.44 (dd, 3J=8.0, 1H; CH2OH),
2.27–2.10 (m, 8H; CHCH2), 1.37–1.16 (m, 72H; CH2), 0.87 ppm (t, 3J=
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6.9 Hz, 12H; CH3);
13C NMR (CDCl3, 125 MHz, 27 8C): d =155.5, 155.0,


154.8, 154.6, 154.4, 153.4, 152.8, 151.3, 138.7, 138.1, 138.0, 137.8, 134.5,
133.3, 129.4, 127.9, 123.1, 121.5, 120.8, 120.3, 120.1, 116.6, 116.5, 106.0,
99.9, 99.5, 99.4, 56.3, 56.0, 36.3, 36.0, 33.7, 33.1, 31.9, 30.3, 29.9, 29.8, 29.7,
29.4, 28.04, 27.98, 27.9, 27.8, 22.7, 14.1 ppm; HRMS (ESI): m/z : calcd for
C77H116O9+Na+ [M+Na]+ 1207.85116; found: 1207.85067; IR (ATR):
n̄=3335, 2920, 2851, 1609, 1592, 1492, 1465, 1420, 1290, 1180, 1068, 1019,
959, 890, 804, 720, 578 cm�1.


C-Undecylmonobromomethylcavitand (11): A solution of 9 (1.07 g,
0.9 mmol) in dry methylene chloride (25 mL) was treated with phospho-
nium tribromide (0.28 g, 1.03 mmol). The reaction mixture was stirred for
1 h at room temperature and 2-propanol (5 mL) was added. Diethyl
ether (20 mL) was added to the reaction mixture and the solution was
washed with saturated NaHCO3 solution and brine and dried over anhy-
drous MgSO4. Purification by column chromatography (SiO2, cyclohex-
ane/ethyl acetate 9:1) yielded a colourless solid (1.11 g, 0.89 mmol, 99%).
1H NMR (CDCl3, 500 MHz, 27 8C): d=7.10 (s, 1H; ArH), 7.10 (s, 1H;
ArH), 7.09 (s, 2H; ArH), 6.52 (s, 1H; ArH), 6.46 (s, 2H; ArH), 5.86 (d,
2J=7.5 Hz, 2H; OCH2O), 5.72 (d, 2J=7.5 Hz, 2H; OCH2O), 4.72 (t, 3J=


8.2 Hz, 2H; ArCHAr), 4.70 (t, 3J=8.2 Hz, 2H; ArCHAr), 4.56 (s, 2H;
ArCH2), 4.56 (d, 2J=7.5 Hz, 2H; OCH2O), 4.50 (d, 2J=7.5 Hz, 2H;
OCH2O), 2.27–2.12 (m, 8H; CHCH2), 1.48–1.18 (m, 72H; CH2),
0.86 ppm (t, 3J=6.9 Hz, 12H; CH3);


13C NMR (CDCl3, 125 MHz, 27 8C):
d=154.9, 154.8, 154.6, 153.7, 138.5, 138.4, 138.2, 137.8, 124.3, 121.4, 120.5,
120.4, 116.9, 116.5, 99.3, 70.9, 36.5, 36.3, 31.9, 30.0, 29.9, 29.84, 29.80, 29.7,
29.4, 27.9, 24.0, 22.7, 14.1 ppm; HRMS (ESI): m/z : calcd for
C77H113BrO8+NH4


+ [M+NH4]
+ 1262.79571; found: 1262.79516; IR


(ATR): n̄=2916, 2849, 1578, 1489, 1464, 1419, 1284, 1261, 1181, 1154,
1093, 1020, 965, 890, 811, 718, 580 cm�1.


C-Undecylmono(aza-21-coumarylcrown-7)cavitand (12): A mixture of 6
(33 mg, 0.075 mmol), 11 (94 mg, 0.074 mmol) and Cs2CO3 (50 mg,
0.15 mmol) in dry N,N-dimethylformamide (5 mL) was stirred for 44 h at
80 8C. The solvent was removed in vacuo. The residue was dissolved in
methylene chloride and water (1:1) and adjusted to pH 7 with dilute
HCl. The organic layer was washed with water (3L) and dried over anhy-
drous MgSO4. Evaporation gave the crude product as a yellow oil. It was
purified by column chromatography (SiO2; i) chloroform/methanol 97:3,
ii) chloroform/methanol 1:1) and the product was filtered through a small
amount Al2O3 (chloroform/methanol 1:1) to detach the complexed ions.
After evaporation a colourless solid was obtained (12 mg, 0.0075 mmol,
10%). 1H NMR (CDCl3, 500 MHz, 27 8C): d=7.24 (d, 3J=8.8, 1H; ArH,
coumarin), 7.09 (s, 1H; ArH), 7.08 (s, 2H; ArH), 7.03 (s, 1H; ArH), 6.85
(d, 3J=8.8, 1H; ArH, coumarin), 6.45 (s, 1H; ArH), 6.42 (s, 2H; ArH),
6.13 (d, 4J=1.3, 1H; CH, coumarin), 5.76 (d, 2J=6.9 Hz, 2H; OCH2O),
5.71 (d, 2J=6.9 Hz, 2H; OCH2O), 4.69 (t, 3J=8.2 Hz, 4H; ArCHAr),
4.42 (d, 2J=6.9 Hz, 2H; OCH2O), 4.29 (d, 2J=6.9 Hz, 2H; OCH2O), 4.29
(t, 3J=5.3 Hz, 2H; OCH2CH2O), 4.25 (t, 3J=4.4 Hz, 2H; OCH2CH2O),
3.92 (t, 3J=4.4 Hz, 2H; OCH2CH2O), 3.88 (t, 3J=5.3 Hz, 2H;
OCH2CH2O), 3.78–3.55 (m, 12H; OCH2CH2O), 3.43–3.38 (m, 2H;
ArCH2), 2.66–2.76 (m, 4H; NCH2CH2), 2.36 (s, 3H; CH3, coumarin),
2.27–2.08 (m, 8H; CHCH2), 1.46–1.16 (m, 72H; CH2), 0.86 ppm (t, 3J=


6.9 Hz, 12H; CH3);
13C NMR (CDCl3, 125 MHz, 27 8C): d =169.7, 160.7,


154.9, 154.8, 154.7, 154.2, 152.5, 147.9, 138.4, 138.3, 138.1, 138.0, 135.9,
124.0, 120.63, 120.56, 119.7, 116.6, 116.3, 115.0, 112.5, 109.7, 99.6, 99.5,
72.9, 71.2, 70.8, 70.5, 70.4, 69.6, 69.5, 69.3, 53.3, 48.4, 36.6, 36.3, 31.9, 30.2,
29.9, 29.88, 29.85, 29.7, 29.4, 27.94, 27.89, 22.7, 18.8, 14.1 ppm; HRMS
(ESI): m/z : calcd for C99H143NO16+H+ [M+H]+ 1603.04796; found:
1603.04673; IR (ATR): n̄=2920, 2851, 1722, 1604, 1579, 1489, 1455, 1383,
1367, 1293, 1180, 1089, 1018, 959, 850, 719, 580 cm�1.
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Introduction


Magnetic anisotropy is a very important property of magnet-
ic systems that shapes their magnetic behavior; the blocking
temperatures of magnetic systems based on coordination
compounds (magnetic coordination nanoparticles, single-
molecule magnets, single-chain magnets) are controlled at
the microscopic level by the anisotropy of the single metal
ions.[1] NiII is a versatile metal ion able to coordinate four,
five, or six atoms in different geometries. Within the formal-
ism of crystal-field theory, the ground spectroscopic term
(3A2) of hexacoordinate Ni


II complexes with strictly Oh sym-
metry is triply degenerate and this degeneracy cannot be


lifted by spin–orbit coupling (the three MS=0 and �1 suble-
vels of the S=1 spin state are pure and have the same
energy) and hence magnetic anisotropy is absent. When the
symmetry is lower than Oh and the ground term is orbitally
nondegenerate, it can be shown that the orbital degeneracy
of the excited states is lifted. Coupling between the ground
term and the excited terms via the spin–orbit operator
(second-order spin–orbit coupling) leads to a situation in
which the three spin sublevels (MS=0, �1) no longer have
the same energy; this form of magnetic anisotropy, known
as zero-field splitting (ZFS), is expressed by the D and E pa-
rameters of the spin Hamiltonian.[2] Thus, in the case of hex-
acoordinate complexes which have symmetry lower than Oh


and a ground term with no first-order spin–orbit coupling,
the magnitude of the magnetic anisotropy depends mainly
on two parameters: 1) the energy difference between the
ground and excited terms Di and 2) the degree of splitting of
the excited terms dj.


[3] To induce a large magnetic anisotropy
(i.e., large D value), Di must be small and dj must be large.
For hexacoordinate NiII complexes, it is very difficult to act
on Di, which is generally larger than 10000 cm


�1; dj, which
depends on the amount of distortion, can be more easily
controlled by introducing chelating ligands (geometrical dis-
tortion) and/or by inducing dissymmetry in the coordination
sphere of the metal ion by simultaneous use of pure s-do-
nating and s/p-donating ligands (electronic distortion), for


Abstract: Pentacoordinate complexes
in which NiII is chelated by the triden-
tate macrocyclic ligand 1,4,7-triisoprop-
yl-1,4,7-triazacyclononane (iPrtacn) of
formula [NiACHTUNGTRENNUNG(iPrtacn)X2] (X=Cl, Br,
NCS) have relatively large magnetic
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example. However, apart from a few exceptions, splitting of
the MS sublevels is scarcely larger than a few wavenum-
bers.[4] A simple way to decrease Di is to reduce the number
of ligands around the metal ion. This has the effect of in-
creasing the value of dj, since the symmetry is reduced on
going from hexacoordinate to penta- or tetracoordinate
complexes and thus, everything being equal, of increasing
the magnitude of the magnetic anisotropy. Tetracoordinate
complexes of formula [NiACHTUNGTRENNUNG(PPh3)2X2] and [Tp*NiX] (where
Tp* is the tridentate hydrotris(3,5-dimethylpyrazolyl)borate
and X=Cl, Br, I) have been studied, and large magnetic
anisotropies have been found.[5] Unfortunately, the [Ni-
ACHTUNGTRENNUNG(PPh3)2X2] complexes cannot be used as building blocks in
coordination systems since substitution reactions with other
ligands will deeply affect their electronic structure and thus
their magnetic anisotropy. The [Tp*NiX] complexes are
more suitable for this purpose thanks to the presence of the
chelating Tp* ligand, which is not easily substituted by other
ligands. However, a thorough study on these complexes
showed that their magnetic anisotropy is highly dependent
on the nature of the substitutable X ligand.
An alternative approach consists of using pentacoordinate


complexes, which, to the best of our knowledge, have not
been explored for their magnetic anisotropy behavior yet.
Pentacoordinate NiII complexes can span the geometries be-
tween square-pyramidal (SPy) and trigonal-bipyramidal
(TBP). The SPy complexes are expected to have a non-neg-
ligible anisotropy, while TBP species are expected to have a
huge magnetic anisotropy because their D3h symmetry leads
to an orbitally degenerate ground spectroscopic term (3E) in
which first order spin–orbit coupling occurs.
Here we show that the tridentate macrocyclic ligand 1,4,7-


triisopropyl-1,4,7-triazacyclononane (iPrtacn) leads on reac-
tion with NiII salts to pentacoordinate complexes of formula
[Ni ACHTUNGTRENNUNG(iPrtacn)X2] (X=Cl, Br, NCS). The presence of the
three bulky isopropyl groups precludes the formation of
hexacoordinate complexes of the types [Ni ACHTUNGTRENNUNG(iPrtacn)2]


2+ or
[Ni ACHTUNGTRENNUNG(iPrtacn)X3]


� (X=Cl, Br, I) and thus stabilizes penta-
coordination. Furthermore, the macrocyclic nature of the
ligand bestows considerable thermodynamic stability on the
Ni ACHTUNGTRENNUNG(iPrtacn) moiety that fixes its structural parameters with
respect to substitution of the X ligand. The structures of the
three complexes were solved and their magnetic properties
were studied by routine magnetization measurements. The
axial and rhombic magnetic anisotropy parameters D and E
corresponding to the spin Hamiltonian H=D(S2z�S(S+1)/
3)+E(S2x�S2y) were determined by high-frequency high-field
electron paramagnetic resonance (HF-HFEPR) and fre-
quency-domain magnetic resonance spectroscopy
(FDMRS). The experimental spin Hamiltonian parameters
were analyzed and rationalized by using the angular overlap
model (AOM).


Results and Discussion


Synthesis and crystal structures :
Syntheses of the iPrtacn ligand
and [Ni(iPrtacn)Cl2] (1) can be
found elsewhere.[6]


[Ni(iPrtacn)Br2] (2) was pre-
pared by the same procedure as
for 1 by using NiBr2·6H2O.
[Ni(iPrtacn)(NCS)2] (3) was
prepared from 2 (see Experimental Section). Microcrystal-
line solids were obtained for the three complexes in yields
exceeding 70% based on metal content. These solids were
subsequently used for all the magnetic studies. Single crys-
tals of the chloride and bromide complexes were obtained
by diffusion of THF into a methanolic solution of the parent
complex. Single crystals of [Ni(iPrtacn)(NCS)2] were ob-
tained by mixing equimolar methanolic solutions of [Ni(iPr-
tacn)Br2] and NaNCS and leaving the mixture to stand un-
disturbed for two hours. The structures of the three com-
plexes are very similar; the Ni atom is pentacoordinate and
is surrounded by the three nitrogen atoms (N1–N3) of iPr-
tacn and two X atoms (Figure 1 and Figure S1a,b in the


Supporting Information). The molecular structure can be
described as a distorted square pyramid,[7] the base of which
is formed by N2 and N3 of iPrtacn and X1 and X2, while
the third nitrogen atom N1 of the organic ligand occupies
the apical position. The four atoms Ni, N2, N3, and X1
belong to the same plane with X1N3N2Ni dihedral angles of
1.04, 0.44, and 0.538 for 1, 2, and 3 respectively. The N2-Ni-
N3 bite angles of iPrtacn within this plane are almost the
same for the three complexes and vary between 81.8 and
83.58, while the N1-Ni-N2 and N1-Ni-N3 bite angles are
close to 868 for the three complexes. The N1-Ni-X1 angles
are around 938. The N3-Ni-X1 angles are around 94.58 for
the three complexes, and the N2-Ni-X1 angles are almost
linear. The apical Ni�N1 bond length (2.08 Q) varies by less


Figure 1. View of the molecular structure of 1.
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than 0.01 Q among the three complexes. Distortion from
SPy geometry comes from the position of the X2 atoms; the
N1-Ni-X2 angles are far from the 908 which would corre-
spond to SPy geometry. These angles are 121.5, 118.2, and
121.48 for 1, 2, and 3 respectively. Complex 2 has one impor-
tant difference to 1 and 3, that is, the N1-Ni-X2 angle, which
is smaller for 2 (118.28) than for 1 and 3 (121.58). Another
difference is that the shortest bond length corresponds to
the atom occupying the apical position (N1) for 1 and 2,
while it is the equatorial Ni�N2ANCS bond in 3.
A space-filling drawing of complex 1 shows clearly that


the iPrtacn ligand acts as a cap on the metal ion that pre-
vents approach of more than two other monodentate ligands
(Figure 2). The position of the two X ligands around the


metal ion is imposed to a certain extent by the presence of
the bulky isopropyl groups, and this leads to the observed
distortion from SPy geometry. Further distortion from SPy
geometry by increasing the N1-Ni-X2 angle to 1358 would
lead to a geometry close to that of a distorted TBP with the
N2-Ni-X1 axis as the pseudo-trigonal axis. However, such an
increase of the N1-Ni-X2 angle cannot take place without a
major change in the conformation of the organic ligand,
which is unlikely to occur.


Magnetization studies : To gain preliminary insight into the
magnetic behavior of the complexes, routine magnetization
studies [M= f(m0H)] at different temperatures were carried
out. Then, the data were fitted by full diagonalization of the
energy matrices for 120 orientations of each value of the
magnetic field by means of a homemade software based on
the following spin Hamiltonian: H=mBS·g·B+D[S2z�S(S+


1)/3]+E(S2x�S2y), where the first term is the Zeeman effect,


and the second and the third terms express the axial and
rhombic anisotropy, respectively. The fit procedure was re-
peated several times starting from different values for g, D,
and E. For the Zeeman effect, only an isotropic g value was
taken into account. The fits were carried out simultaneously
at several temperatures for each complex, and the parame-
ters were extracted with agreement factors on the order of
10�5 (Figure 3 and Figure S2a,b in the Supporting Informa-
tion). The values of the three parameters g, D, and E for


each complex corresponding to the best fits are (see
Table 1): g1m=2.06, D1m=14.3 cm�1, E1m=2.7 cm�1 (E1m/
D1m=0.19); g2m=2.13, D2m=11.0 cm�1, E2m=0 cm�1 (E2m/
D2m=0); and g3m=2.2, D3m=13.8 cm�1, E3m=4.0 cm�1 (E3m/
D3m=0.29), where the subscript m indicates that these pa-
rameters were derived from magnetization measurements).
The sign of D was found to be positive and no reasonable
fit could be obtained when imposing negative D values for
any of the complexes, although for complex 3 the sign of D
has almost no meaning due to its large rhombicity.


FDMRS studies : One of the most direct techniques to eval-
uate quite accurately the ZFS parameters of the spin Hamil-
tonian is FDMRS.[8] The spectra of the three complexes
were recorded in the 0–40 cm�1 energy range between 1.8
and 50 K in zero applied magnetic field. For 1, two lines are
observed at e1= (12.7�0.2) and e2= (19.1�0.1) cm�1
(Figure 4). This is the signature of splitting of the S=1 spin


Figure 2. Space-filling view of the molecular structure of 1 showing the
steric hindrance imposed by the iPrtacn ligand. Figure 3.M= f(m0H/T) at T=2 K (~), 4 K (&) and 6 K (*) for 1.


Table 1. Experimental data for the spin Hamiltonian parameters obtained from the three different techniques.


Magnetization FDMRS HF-HFEPR
Dm [cm


�1] Em/Dm gm DF [cm
�1] EF/DF DE [cm


�1] EE/DE gx gy gz


1 (X=Cl) 14.0 0.19 2.06 15.9 0.20 15.70 0.216 2.10 2.05 2.15
15.80 0.202 2.12 2.05 2.15


2 (X=Br) 11.0 0 2.13 13.8 0.24 13.93 0.25 2.13 2.00 2.00
3 (X=NCS) 13.8 0.29 2.20 15.9 0.31 16.12 0.324 2.25 2.22 2.23


16.35 0.319 2.25 2.22 2.23
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state into its three components described by the wave func-
tions j0i, j1iA (j1i� j�1i), and j1iS (j1i+ j�1i) in order of
increasing energy. The temperature-dependence studies


showed an increase in the in-
tensity of the two bands on
cooling, which indicates that
the two transitions occur from a
ground level to two excited
ones. Since the selection rules
impose DMS=�1, the ground
level is then MS=0. This leads
to the energy levels depicted in
Scheme 1.
When the ground level is


MS=0, the axial zfs parameter
D is considered to be positive and the following values can
be extracted from the experimental data (see Table 1): E1F=


(e2�e1)/2=3.2 cm�1 and D1F= (e2+e1)/2=15.9 cm�1 (E1F/
D1F=0.20). The other two complexes have similar spectra
with two lines as well (see Figure S3a,b in the Supporting
Information). The same temperature dependence was
found, that is, D is positive for 2 and 3 : E2F=3.3 cm�1, D2F=


13.8 cm�1 (E2F/D2F=0.24) and E3F=4.9 cm�1, D3F=15.9 cm�1


(E3F/D3F=0.31).


HF-HFEPR studies : HF-HFEPR studies were carried out
for the three complexes at different frequencies (285, 380,
and 475 GHz) between m0H=0 and 12 T on powder samples,
pressed into pellets to avoid orientation effects by the ap-
plied magnetic field, in a previously described apparatus.[9]


For 1, the spectrum at 285 GHz and T=7 K exhibits one
central intense feature with two bands around 5.2 T and
three other weaker features around 1.5, 3, and 8 T. The fea-
ture at 8 T is doubled like the intense one at 5.2 T (Figure 5,
top). The spectrum at 380 GHz has two large bands at 1.6
and 2.5 T (Figure 5, middle), and the spectrum at 475 GHz
has two very weak bands at 2.5 and 5.5 T and two intense
bands, one around 1 T and the other centered at 8.5 T
(Figure 5, bottom). This last band seems to be doubled, like
those observed in the spectrum at 285 GHz. Since the mag-
netization and FDMRS studies suggest that the sign of D is
positive for 1 and these data give a good estimation of the
anisotropy parameters, we calculated the variation of the
spin energy levels versus m0H [E(MS)= f(m0H)] along the


three canonic directions x, y, and z for D=++15.9 cm�1 and
E/D=0.2; the g value was taken as isotropic and equal to
2.1 (Figure 6). Examination of the three plots allows us to
assign the observed bands for the spectrum at 285 GHz. The
features around 5.2 T correspond to transitions from a
ground level (MS=0) to a first excited level (j1>A) along
the z direction; the feature at 8 T corresponds to the transi-


Figure 4. FDMRS spectra of 1 at various temperatures.


Scheme 1. Energy levels in 1.


Figure 5. HF-HFEPR spectrum of 1 at T=7 K; experimental (c) and
calculated (a) at n=285 (top), 380 (middle), and 475 GHz (bottom);
* corresponds to the 380 GHz harmonics, and # to an artefact.
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tion between two excited levels along the x direction. At
low temperature, the relative intensities of the two transi-
tions agree with a positive D value; the band at 5.2 T must
be more intense than that at 8 T, since it corresponds to a
transition from a ground level, as observed experimentally.
The sign of D was confirmed by recording the 285 GHz
spectrum at T=17 K; the intensity of the transitions at 5.2 T
decreases on heating, while that of the transition at 8 T
slightly increases (see Figure S4 in the Supporting Informa-
tion). Along y no allowed transition is expected at 285 GHz
within the examined field range. The two remaining bands
at 1.5 and 3 T are probably due to contamination of the
main 285 GHz wave by higher harmonics (380 GHz).
Indeed, two bands stemming from the ground level are ex-


pected at 380 GHz along the z and x directions around 0
and 3 T, respectively. The assignment of the bands for the
other two frequencies is straightforward based on the above
analysis. A last important point is the doubling of some of
the bands in the different spectra. The only reasonable hy-
pothesis was to assume the presence of two species in the
compound that differ very slightly from the structural point
of view and lead to two distinct signals in the EPR spectra.
The EPR spectra were calculated by using a simulation pro-
gram provided by H. Weihe.[10] A first simulation of the
spectra at 285 GHz shows that a slight change in the starting
D value, by less than 1%, may lead to two different signals.
Furthermore, preliminary simulations taking into account
two different species showed that their relative weight is
close to unity. Bearing these hypotheses in mind, the spectra
were simulated at the three different frequencies by using
two different sets (denoted a and b below) of D, E, gx, gy,
and gz values. The calculated spectra for each set of parame-
ters were combined under the assumption of equal contribu-
tions. The results of the simulation with the best set of pa-
rameters are shown in Figure 5 as dashed lines (see Table 1):
D1Ea=15.7 cm


�1, E1Ea=3.4 cm
�1 (E1Ea/D1Ea=0.216), g1xa=


2.10, g1ya=2.05, g1za=2.15 and D1Eb=15.8 cm�1, E1Eb=


3.2 cm�1 (E1Eb/D1Eb=0.202), g1xb=2.12, g1yb=2.05, g1zb=2.15.
The HF-HFEPR spectra are sensitive to very small structur-
al changes, since the difference in the D values for the two
species present in the compound is only around 0.6%.
For complexes 2 and 3, similar spectra as for 1 were re-


corded. They were analyzed by the same procedure. For 3,
two species are observed, while for 2 only one species seems
to be present, since no doubling of the bands is observed.
The spectra for complexes 2 and 3 were simulated (see Fig-
ures S5 and S6 in the Supporting Information for 2 and 3,
respectively) and the following parameters were obtained:
D2E=13.9 cm�1, E2E=3.5 cm�1 (E2E/D2E=0.25), g2x=2.13,
g2y=2.00, g2z=2.00; D3Ea=16.12 cm


�1, E3Ea=5.23 cm
�1


(E3Ea/D3Ea=0.32), g3xa=2.25, g3ya=2.22, g3za=2.23 and
D3Eb=16.35 cm�1, E3Eb=5.22 cm�1 (E3Eb/D3Eb=0.32), g3xb=


2.25, g3yb=2.22, g3zb=2.23.
Comparing the magnitude of the anisotropy parameters


obtained from the two different techniques HF-HFEPR and
FDMRS (Table 1) shows that the D values differ by less
than 1% and that the rhombicity is very well estimated
from FDMRS for the three complexes. While HF-HFEPR
studies reveal in a straightforward manner the presence of
the species that differ very slightly, careful examination of
the FDMRS spectra of complex 1 shows that it also exhibits
a very small doubling of the bands that indicates the pres-
ence of the two species observed in the EPR spectra.


Angular overlap calculations : The striking feature of these
results is that the spin Hamiltonian parameters are almost
independent of the nature of the X ligands linked to the Ni
atom. This is surprising since it has already been shown that
the nature of the halogen atoms has a dramatic effect on the
magnitude of the anisotropy parameters; D may change
from �11.43 to +3.93 cm�1 when replacing Br by Cl in the


Figure 6. E(MS)= f(m0H) for D=15.9 cm�1, E=3.2 (E/D=0.2), and g=


2.1 along the directions x (top), y (middle), and z (bottom). The expected
transitions for four different frequencies are shown: allowed (c) and
“forbidden” (a).
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tetracoordinate trigonal [Tp*NiX] complexes.[5c] The other
interesting feature is the relatively large D values experi-
mentally observed. In the following, we aim at answering
two main questions: 1) what is the origin of the relatively
large anisotropies in the three complexes and 2) why are the
anisotropy parameters very weakly dependent on the nature
of the X ligand. To do so, we performed calculations using
software based on the angular overlap model (AOM). Stan-
dard AOM parameters from the literature were adapted to
our complexes and used for the following calculations.[11]


The first step consisted of checking whether the calculations
can reproduce the experimental spin Hamiltonian parame-
ters for the three complexes. The following values were ob-
tained: D1c=15.4 cm


�1, E1c=0.4 cm
�1, (E1c/D1c=0.03); D2c=


12.4 cm�1, E2c=0.6 cm
�1, (E2c/D2c=0.05) and D3c=


�19.0 cm�1, E3c=�4.0 cm�1, (E3c/D3c=0.23).
[12] The axial pa-


rameters are fairly well reproduced with ranking as found
experimentally, that is, D2c<D1c<D3c. The rhombicities of
1, 2,and 3 are poorly reproduced; however, the calculations
do lead to higher rhombicity for complex 3 than for 1 and 2,
as for the experimental data. The sign of D for complex 3
was found to be negative, which is not surprising since the
experimental E/D value obtained by EPR is very close to
the maximum value of 0.33, where the sign of D has no
meaning (see Figure S7 in the Supporting Information).
From these results, one can assume that the AOM model
gives a good insight into the splitting of the ground spectro-
scopic term. Highly accurate D and E values are not to be
expected, but this model will allow different effects to be ex-
amined and general conclusions to be drawn on the varia-
tion of the anisotropy with some electronic and structural
parameters.
Before analyzing the experimental data of the three com-


plexes, we performed preliminary calculations on two model
complexes: one with SPy geometry (C4v symmetry) and the
other with a geometry very close to TBP (denoted TBP’ in
the following, it corresponds to a TBP geometry with the
angles between the equatorial ligands set to 115, 115, and
1308 instead of 1208). The model complexes have only s-
donor ligands with es parameters taken as the average of
those of the amino groups of the iPrtacn ligand (es =


4150 cm�1). The D value for the C4v complex was found to
be +6 cm�1, while that of the TBP’ species was negative and
larger than 100 cm�1 in absolute value. This confirms the
qualitative argument stated in the introduction that a rela-
tively large anisotropy is expected for pentacoordinate SPy
complexes and a huge one for a structure very close to TBP.
Furthermore, these calculations give us the order of magni-
tude of the axial anisotropy for the two extreme geometries.
In the following, the influence of different factors will be


examined for model complexes. Since the crystallographic
data showed that the structural parameters of the Ni(iPr-
tacn) moiety vary very little for the three complexes and
that the Ni�NiPrtacn bond lengths are not very different, we
assumed an averaged es parameter (4150 cm


�1) for the three
amine atoms for all the model complexes used below. The
three NiPrtacn-Ni-NiPrtacn angles and the three NiPrtacn-Ni-X1


angles were each taken as the average of those of the three
complexes. We then examined the influence of different ef-
fects while keeping the other structural and electronic pa-
rameters unchanged.
To analyze the experimental anisotropy parameters deter-


mined above and to answer the questions concerning the
magnitude of the D parameters and the quasi-independence
on the nature of the X ligands, we proceeded in several
steps.


Influence of the N1-Ni-X2 coordination angle : The first step
consisted of calculating the D values versus the N1-Ni-X2
angle q for a model complex with the structural parameters
taken as the average of those of 1–3 and considering that
the X ligands have only s-donor effects of the same intensi-
ties as the amino groups, and thus allowing the influence of
q alone to be studied. The results depicted in Figure 7 show


that as expected jD j increases when q increases and a jD j
value of around 23 cm�1 is calculated for q=1208 (this is the
average value of q for the three complexes). This calculation
on a very simple model in which the X ligands are consid-
ered as amino groups already leads to a reasonable magni-
tude for jD j . However, at this level, the calculations give
negative D values and overestimate the magnitude of the
absolute value of D.


Influence of the s-donor effect of the X ligands in model
complexes : To refine our theoretical calculations, we first in-
troduced a distinction in the s-donor effects between the X
atoms and the amino groups. The three curves in Figure 8
show the same general result already observed in Figure 7,
that is, jD j increases with increasing q. The interesting fea-
ture of the plots in Figure 8 is that the difference between
the jD j values for the three complexes increases with in-
creasing q. For geometries close to SPy, the jD j values of
the three complexes are very close, while for q=1248 the
nature of the X ligand has a significant influence on the
magnitude of jD j . For q=1208, which corresponds to the
average N1-Ni-X2 value of the three complexes, the model
predicts a maximum variation of about 20% for jD j , which
is in good agreement with the 16% variation observed for
the experimental D values. Furthermore, the model predicts
that jDNCS j> jDCl j> jDBr j , as found experimentally. At this


Figure 7. D= f(q) for a model complex presenting the average structure
of the three complexes, where the same s-donor effect is considered for
the five ligands: es =4150 cm�1.
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level of approximation, the calculations always lead to nega-
tive D values for the three complexes with a relatively large
rhombicity (E/D�0.22, very close to the experimental
data).


Influence of the p effect of ligands in model complexes:
When the p effect of the X ligands is introduced (Figure 9),
three important observations can be made. Firstly, the sign


of the axial parameters is now found to be positive for 1 and
2, as observed experimentally, and the experimental rhom-
bicity is very well reproduced (the calculated E/D value for
the three complexes is around 0.23). Secondly, a decrease of
around 20% in the jD j values for the three complexes is
observed, and agreement with the experimental data is very
good for 1 and 2 (D1c=16.3 and D2c=14.8 cm


�1 for q=


121.5 and 118.28, respectively, in comparison to experimen-
tal values of 15.7 and 13.9 cm�1 for 1 and 2, respectively).
However, the value for complex 3 is still negative and over-
estimated in absolute value (�20 cm�1 as opposed to
16.2 cm�1 found experimentally for 3). Thirdly, the p effect
of the ligands does not significantly affect the difference be-
tween the jD j values of the three complexes.
To gain more insight into the variation of the anisotropy


with the structural and electronic parameters q, es and ep,
we carried out a series of calculation in which q and ep/es


were varied.[13] The results are illustrated in the 3D plot in


Figure 10. This plot has three regions. The first region (A) is
a quasiplateau with positive D values; the results for model
complexes corresponding to 1 and 2 belong to this area


where changes in the parameters do not dramatically affect
the magnitude and nature of the magnetic anisotropy. The
second region (B) is much steeper than A with negative D
values, and the third region (C) corresponds to the area
where D changes its sign. The result corresponding to the
parameters of complex 3 belong to region B and is very
close to the border between B and C; thus, a very slight
change in the structural parameters will induce a large
change in the calculated anisotropy parameters. That ex-
plains why for complex 3 the AOM parameters must be esti-
mated very accurately to reproduce the sign of D.
This theoretical study predicts that for a ep/es ratio larger


than 0.22, a positive D value of around 17 cm�1 is expected
for angles q varying between 110 and 1258. On the other
hand, for a ep/es ratio smaller than 0.15, Ising-type (negative
D value) anisotropy is expected, and its magnitude increases
with increasing q.


Influence of the position of the X ligands in a model SPy
complex : The last issue to be rationalized is the relatively
small difference in the D values between complexes 1 and 2
when compared to the tetracoordinate NiII complexes
[Ni(PPh3)2X2] and [Tp*NiX]. Our hypothesis is that, for the
general case of pentacoordinate complexes with a geometry
close to SPy and halogen atoms in the coordination sphere
of the metal ion, the position of the halo ligands (apical or
equatorial) may have a large effect on the magnitude of the
axial anisotropy. To check this assumption, we carried out
two series of calculation on SPy model complexes. In the
first we considered a complex of formula NiL3X2 where the
two X ligands were fixed in equatorial positions and their es


values were varied (the es value of the L ligands was set to


Figure 8. D= f(q) for three model complexes each exhibiting the average
structure of the three complexes; the amine ligand field is set to the aver-
age value of es(amine)=4150 cm


�1 and es(X) is varied: es(Cl)=
3410 cm�1 (*), es(Br)=2858 cm


�1 (&), and es(NCS)=4970 cm
�1 (~).


Figure 9. D= f(q) for three model complexes with the same parameters
as for Figure 8 and considering in addition an average s effect: ep(Cl)=
1573 cm�1 (*), ep(Br)=1311 cm


�1 (&), and ep(NCS)=637 cm
�1 (~).


Figure 10. D= f(q,ep/es) for a model complex exhibiting the average
structure of 1–3 with es(amine)=4150 cm


�1 and es(X)=3746 cm
�1.
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4150 cm�1, corresponding to that of the amine ligands in
model complexes). The results depicted in Figure 11 show
that doubling es(X) (from 2500 to 5000 cm


�1) leads to an in-
crease of 20% for D. This is in line with the difference ex-
perimentally found for 1 and 2. The second series of calcula-
tions was carried out on a SPy complex of formula NiL4X
where X is the apical ligand. In such a case, a decrease of
60% in the D value occurs. Thus, a change in the s-donor
effect of the apical ligand has a dramatic effect on the mag-
nitude of the axial anisotropy, while in the case of equatorial
ligands it has almost no effect. These results rationalize the
experimental data concerning the magnitude of the axial
anisotropy in complexes 1 and 2, and show that, for an SPy
geometry, the axial magnetic anisotropy is mainly governed
by the position of the X ligands in the coordination sphere
of the metal ion.


Conclusion


A macrocyclic tridentate triazacyclononane bearing isopro-
pyl groups (iPrtacn) imposes a structural environment
around NiII that leads to pentacoordinate complexes of gen-
eral formula [Ni(iPrtacn)X2] with similar molecular struc-
tures. Despite the difference in the electronic nature of the
X ligands (X=Cl, Br, NCS), the axial anisotropy obtained
from FDMRS and HF-HFEPR studies is the same for the
three complexes to within about 10%. Analysis of the dif-
ferent effects induced by the ligands on model complexes
led to the conclusion that the axial anisotropy is expected to
be large for such complexes and depends mainly on the geo-
metrical structure and not much on the electronic structure
of the X ligands. This weak dependence on the nature of the
X ligand occurs mainly for geometries that are close to SPy
and only when these ligands are in the equatorial positions
of the square pyramid, as is the case for the present com-
plexes. These results mean that, for pentacoordinate NiII


complexes, 1) iPrtacn imposes a structure that leads to axial
anisotropy confined in a narrow range of magnitude and
2) the nature of the ligands that can be chemically substitut-
ed has little effect on the magnitude of the anisotropy. Cal-
culations on a hypothetical complex with bidentate oxalate


(C2O4
2�) ligand in place of the two X atoms gives a D value


of 20 cm�1,[14] while a value of 1.5 cm�1 was obtained (exper-
imentally and by calculation) for the hexacoordinate [Ni-
(bpy)2(C2O4)] (bpy=2,2’-bipyridine).[15] Thus the Ni(iPrtacn)
moiety induces, in pentacoordinate complexes, a “stable”
magnetic anisotropy that is almost independent of the re-
maining two ligands. This makes complexes based on the
Ni(iPrtacn) unit ideal building blocks for introducing huge
local magnetic anisotropy into polynuclear species and/or
coordination networks.


Experimental Section


[Ni(iPrtacn)Br2] (2): NiBr2·6H2O (0.65 g, 2U10�3 mol) was dissolved in
methanol (10 mL). DME (30 mL), THF (100 mL), and methyl orthofor-
mate (2 mL) were added to this solution, and the mixture was refluxed
for 10 min to give a deep purple solution. Then, a solution of iPrtacn
(0.5 g, 2U10�3 mol) in THF (20 mL) was added dropwise. A change of
color from purple to yellow was observed just before a microcrystalline
solid precipitated. The vessel was left to cool and the powder was collect-
ed by filtration, thoroughly washed with THF, and dried under vacuum.
Purification can be performed by dissolution in chloroform, filtration to
remove impurities, and reprecipitation in THF. Elemental analysis (%)
calcd for C15H33Br2N3Ni : C 46.79, H 7.02, N 8.87, Br 33.72, Ni 12.38;
found: C 46.45, H 7.27, N 8.87, Br 33.42, Ni 12.00.


[Ni(iPrtacn)(NCS)2] (3): [Ni(iPrtacn)Br2] (0.1 g, 2U10
�4 mol) was dis-


solved in methanol (20 mL) and two molar equivalents of NaNCS
(32.4 mg) dissolved in methanol (10 mL) were added dropwise. The color
of the solution changed from yellow to blue and a microcrystalline solid
precipitated. It was collected by filtration, washed with small amounts of
cold methanol, and dried under vacuum. Elemental analysis (%) calcd
for C17H33N5NiS2: C 47.45, H 7.73, N 16.28, S 14.90, Ni 13.64; found: C
47.32, H 7.61, N 16.26, S 14.81, Ni 13.30.


Crystallographic studies : X-ray diffraction data for 1–3 were collected on
a Kappa X8 APPEX II Bruker diffractometer with graphite-monochro-
mated MoKa radiation (l =0.71073 Q). The data were corrected for Lor-
entzian, polarization, and absorption effects. The structures were solved
by direct methods using SHELXS-97 and refined against F2 by full-
matrix least-squares techniques using SHELXL-97 with anisotropic dis-
placement parameters for all non-hydrogen atoms.[16] Hydrogen atoms
were located on a difference Fourier map and introduced into the calcu-
lations in a riding model with isotropic thermal parameters. All calcula-
tions were performed by using the Crystal Structure crystallographic soft-
ware package WINGX.[17] The crystal data for the three complexes can
be found in the Supporting Information.


CCDC-656604, CCDC-656605 and CCDC-656606 contain the supplemen-
tary 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.


Magnetization studies : Magnetization measurements were performed on
5 mg pressed pellets in the 0–5 T range at 2,3, 4 and 6 K using a Quantum
Design MPMS5 SQUID magnetometer.


FDMRS : FDMRS measurements were performed on a spectrometer de-
scribed in the literature.[18] Spectra were recorded on a pressed powder
pellet of 155 mg with a diameter of 1 cm and a thickness of 1.82 mm at
various temperatures.


HF-HFEPR : EPR experiments were performed at the High Magnetic
Field Laboratory, Grenoble, France, using a previously described appara-
tus.[9] Ground crystals (about 100 mg for EPR and 5 mg for SQUID)
pressed to form a pellet in order to reduce torquing under high magnetic
fields were used. The simulation program is available from Dr. H.
Weihe; for more information see http://sophus.kiku.dk/software/epr/
epr.html.[10]


Figure 11. D= f[es(X)] for square pyramidal complexes NiL4X and
[NiL3X2] with es(L)=4150 cm


�1: X at the equatorial positions for NiL3X2
(*) and at the apical position for NiL4X (&).
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p-acceptor effects of this ligand. The AOM parameters used for
NCS were taken from complexes that have the same Ni-N-C angles
as 3.[11g]


[13] To determine how the structural and electronic effects combine to
determine the magnetic anisotropy, we should analyze the anisotro-
py as a function of q, es, and ep. As the variation of D with es is
slightly slower than that with q, we chose to simplify the analysis by
carrying out a series of calculation in which q and ep/es were varied,
while es was maintained at a constant value.


[14] For the three complexes, the X1-Ni-X2 angles are around 908. The
structure of the hypothetical [Ni(iPrtacn)(oxalate)] was fixed to that
of the average model complex already used, apart from the O-Ni-O
bite angle of the oxalate, which was fixed at 808, as is experimentally
the case, instead of around 908 as found for the X1-Ni-X2 angles of
complexes 1–3. The calculations were done with the following pa-
rameters for the oxygen atoms of the oxalate ligand: es =4355 cm�1


and ep =1355 cm�1.
[15] G. Rogez, PhD thesis, UniversitC Paris 11, 2002. The spin Hamiltoni-


an parameters for [Ni(bpy)2(C2O4)] were determined from HF-
HFEPR studies (D=�1.44 cm�1 and E/D=0.04).


[16] a) G. M. Sheldrick, SHELXS-97, Program for crystal structure solu-
tion, University of Gçttingen, Gçttingen, Germany, 1990 ; b) G. M.
Sheldrick, SHELXL-97, Program for the refinement of crystal struc-
tures from diffraction data, University of Gçttingen, Gçttingen,
Germany, 1997.


[17] L. J. Farrugia, J. Appl. Crystallogr. 1999, 32, 837.
[18] J. van Slageren, S. Vongtragool, B. Gorshunov, A. A. Mukhin, N.
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Self-Assembled Amphotericin B Is Probably Surrounded by Ergosterol:
Bimolecular Interactions as Evidenced by Solid-State NMR and CD Spectra


Yusuke Kasai, Nobuaki Matsumori, Yuichi Umegawa, Shigeru Matsuoka,
Hiroyuki Ueno, Hiroki Ikeuchi, Tohru Oishi, and Michio Murata*[a]


Introduction


Interactions between drugs and membrane-bound biomole-
cules often provide fundamental information that is essential
for understanding the drug�s mechanism of action. The
structural bases underlying these interactions, however,
remain largely unknown owing to a lack of appropriate
characterisation methodologies. Powerful structural-biology
techniques such as X-ray crystallography and solution-state
NMR spectroscopy are difficult to apply to membrane sys-


tems owing to their poor crystalline nature and highly aniso-
tropic nature. Membrane-active agents such as antifungal
antibiotics and antimicrobial peptides often exert their ef-
fects by interacting with lipids and increasing the permeabil-
ity of microbial plasma membranes. Amphotericin B (AmB,
1) may be the best-known membrane-active agent as it has
been the drug of choice for treating deep-seated systemic
fungal infections for nearly 50 years.[1] Its pharmacological
action is attributed largely to the formation of an ion chan-
nel that is believed to be a “barrel-stave” complex that
spans the phosphatidylcholine (PC) bilayer.[2,3] The selective
toxicity of AmB to fungi compared with mammalian cells is
thought to be due to its higher affinity for ergosterol, an
abundant sterol in fungal membranes, than for cholesterol,
the major sterol in mammalian membranes.[4,5] However, de-
spite extensive investigations into the structure of this mem-
brane assembly by spectroscopic[6,7] and computational[8–11]


methods, details of its molecular architecture remain un-
clear.


Abstract: Amphotericin B (AmB) is
thought to exert its pharmacological ef-
fects by forming a barrel-stave assem-
bly with ergosterol in fungal mem-
branes. To examine the interaction be-
tween AmB and ergosterol (Erg) or
cholesterol (Cho), 13C- and 19F-labelled
covalent conjugates were prepared as
reported previously (N. Matsumori
et al. Chem. Biol. 2004, 11, 673–679).
The CD spectra of the conjugates in a
membrane-bound form suggested that
the distance between the heptaene
moieties of the ergosterol conjugates
AmB–C2–(6-F)Erg 2 and AmB–C2–Erg
3 is similar to that of AmB in ergoster-
ol-containing membranes, but signifi-
cantly larger than that of AmB in non-
sterol or cholesterol-containing mem-


branes. These observations suggest
that, as is the case with ergosterol-con-
taining membranes, the conjugated
sterol moiety prevents the close contact
between the heptaene moieties within
the membrane that would reduce chan-
nel conductivity of the AmB assem-
blies. To further investigate this bimo-
lecular interaction, we recorded the
solid-state NMR spectra of conjugates
2 and AmB–C2–(6-F)Cho 4, which are
composed of uniformly 13C-labelled
AmB and 6-fluorinated ergosterol or
cholesterol; the conjugates were ex-


pected to facilitate the estimation of
distances between the fluorine and
carbon atoms. By using rotor-synchro-
nous double resonance (rotational echo
double resonance of X cluster; RDX)
experiments, we deduced the distance
between the fluorine atom and its near-
est carbon atom in the heptaene
moiety of 2 to be less than 8.6 >. This
indicates that the B ring of ergosterol
comes close to the AmB polyene
moiety. A conformational search of the
AmB–ergosterol conjugate by using
distance constraints derived from the
RDX results suggested that ergosterol
molecules possibly surround the AmB
assembly, which is in contrast with the
conventional image in which ergosterol
is inserted into AmB molecules.
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Knowledge of the bimolecular interactions occurring in
membranes between AmB–AmB,[12,13] AmB–PC[14–17] and
AmB–sterol[18–20] is essential for better understanding of the
structural basis by which AmB induces membrane permea-
bility. The rapid dissociation–association equilibria between
AmB–PC and AmB–sterol, however, make it extremely dif-
ficult to directly observe these interactions. As membrane
sterols are known to stabilise the channel assembly, covalent
conjugation of sterol with AmB should further stabilise the
assembly and thus facilitate elucidation of their interactions
by shifting the equilibrium towards the association state.[12]


Based on this hypothesis, we prepared AmB–sterol covalent
conjugates (3 and 5) in which the amino group of AmB was
connected to the hydroxy group of the sterol and demon-
strated that the AmB–sterol interaction could be repro-
duced with these conjugates.[18]


Recently, solid-state NMR spectroscopy has been widely
used for the structural elucidation of membrane-bound enti-
ties.[21–23] Rotor-synchronous methods such as rotational
echo double resonance (REDOR)[24] and rotational reso-
nance[25] are potentially powerful tools for accurately meas-
uring interatomic distances in membrane environments.
Compared with other NMR-active nuclei, 19F has distinct
advantages owing to its 1/2 nuclear spin, high gyromagnetic
ratio, 100% natural abundance and low background signal
in biological systems.[26] Thus, 13C and 19F double-isotope en-
richment of membrane-bound molecules allows interatomic
distances as large as 10 > to be measured in biological sys-
tems.[27] However, these methodologies have primarily been
applied to integral membrane polypeptides, leaving their ap-
plication to nonpeptidic compounds virtually unexplored.
Thus, we were interested in examining the utility of these
techniques for studying AmB–membrane complexes.
CD spectra of AmB have been extensively examined to


deduce the interactions between AmB–AmB and AmB–
lipid in membranes. CD measurements have provided im-
portant findings: Vertut-Croquin et al.[7] reported that ergo-
sterol-containing membranes give rise to CD features that
are different from those observed from cholesterol-contain-
ing membranes, and Fujii et al.[6] proposed that the typical
Cotton effect at shorter wavelengths is ascribable to AmB
assemblies. In addition, Ernst and Grange[28] reported that
this Cotton effect is probably caused by the proximity of the
heptaene groups of AmB and that the distance is even
smaller in cholesterol-containing or sterol-free membranes
than in ergosterol membranes in which AmB molecules are
arranged in the barrel-stave assembly. In this study, we mea-
sured the CD spectra of AmB–sterol conjugates to examine
the effects of the sterol on bimolecular interaction between
AmB molecules and recorded the solid-state NMR spectra
of 13C- and 19F-double-labelled conjugates to deduce their
conformation in membranes. The results support a new
model that could account for the sterol-dependent forma-
tion of AmB assemblies in biomembranes.


Results


Design and preparation of 13C- and 19F-double-labelled co-
valent conjugates of AmB and sterol : Conjugation of AmB
with sterol was carried out by a reductive N-alkylation reac-
tion to furnish 2–5 (Figure 1).[18] As this linkage method re-


tains ion-channel activities and sterol selectivity of the con-
jugates,[18] conjugates 3 and 5 were used for CD measure-
ments and double-labelled 2 and 4 were subjected to solid-
state NMR spectroscopic experiments. To prepare 2 and 4,
6-fluoroergosterol and 6-fluorocholesterol[29] were deriva-
tised from the parent sterols, and uniformly 13C-labelled
AmB (50% isotope enrichment) was obtained by growing
Streptomyces nodosus on 13C-enriched medium as reported
previously.[17, 30] The C6 position in the sterol B ring was
chosen as the fluorination site as this rigid aliphatic ring was
expected to interact with the polyene moiety of AmB. Fur-
thermore, 6-fluorocholesterol has been reported to exhibit
intramembrane spatial occupancy that is nearly identical to
that of cholesterol in PC membranes.[31,32] In our experi-
ments with 6-fluoroergosterol, a relatively small effect aris-
ing from the fluorine substitution was demonstrated; al-
though 6-fluoroergosterol significantly enhanced the mem-
brane-permeability activity of AmB, its efficacy was some-
what reduced as compared with ergosterol (see the Support-
ing Information).


Membrane-permeability activity of AmB–sterol covalent
conjugates 2–5 : To evaluate the effect of the fluorine substi-
tution on membrane-permeability activity, the K+ ion flux


Figure 1. Structures of amphotericin B–sterol covalent conjugates 2–5.
Cho=cholesterol, Erg=ergosterol.
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activities of conjugates 2 and 4 were measured by using egg
phosphatidylcholine (EPC) liposomes.[33] We previously re-
ported that nonfluorinated AmB–ergosterol conjugate 3 ex-
hibits a higher activity than its cholesterol counterpart 5 in
liposome assays.[18] In the present experiments, fluorine-la-
belled conjugate 2 showed a somewhat lower efficacy than
nonfluorinated conjugate 3 ; at 3.6 mm, amphotericin B, con-
jugate 2 and conjugate 4 induced 32%, 50% and 49% per-
meabilisation of liposomes, respectively, whereas 3 induced
80% permeabilisation at the same concentration (see the
Supporting Information for details).


CD spectra of AmB–sterol conjugates and AmB in the pres-
ence of ergosterol : The CD spectra of the conjugates were
obtained to examine the interaction of membrane-bound
AmB molecules. The spectra of 2 and 3 in EPC membranes
were essentially identical (Figure 2), indicating that fluorine-


substitution at C6 of ergosterol had little influence on the
AmB–AmB interactions in membranes, particularly on the
orientation of the heptaene chromophores. A strong split
Cotton effect centred at 335 nm was observed for AmB
bound to EPC membranes, whereas no corresponding peak
was found at 335 nm in the spectra of 2 and 3 (Figure 2).
The CD spectrum of AmB in cholesterol-containing lipo-
somes showed split peaks similar to that observed with
EPC, whereas the spectrum of AmB in ergosterol-contain-
ing liposomes (Figure 3) lacked these split peaks.
The CD spectra of 2 and 3 exhibited two positive peaks


and one split peak at 414, 390 and 373 nm, respectively,
whereas two negative peaks and one split peak were ob-
served in the spectrum of AmB in a 10% ergosterol-con-
taining membrane (Figure 3). These observed differences
may be due to the sterol contents of the membrane as the
CD sign at these wavelengths is known to depend on the
concentrations of ergosterol or AmB in PC.[7]


Solid-state NMR spectroscopic measurements of AmB–
sterol conjugates 2 and 4 : To gain structural information on


AmB–sterol interaction in membranes, we next attempted
to record the solid-state NMR spectra of labelled conjugates
2 and 4. Application of the original REDOR methodolo-
gy[24] to 13C-multiple-labelled conjugates is generally difficult
as NMR signals are distorted by 13C homonuclear spin–spin
coupling. Recently, a modified methodology called RDX
(REDOR of X cluster) has been reported by Mehta and
Schaefer[36] in which homonuclear interactions are sup-
pressed by a combination of Hahn echo and solid echo. We
adopted this technique for estimating the 13C–19F distances
of the ergosterol conjugate 2 in dimyristoyl–PC (DMPC)
membranes (Figure 4). The difference spectrum revealed


significant dephasing effects for the polyene moiety of
AmB, indicating its proximity to the B ring of the ergosterol
portion. Integration of the signal in the full echo spectrum
(S0) was reduced by 12% (DS/S0=0.12) upon fluorine irradi-
ation. Prominent reduction of the signal (DS/S0=0.15) was
also observed for C1’ of the mycosamine moiety (Figure 4).
A diluted membrane preparation comprised of a 1:1 mixture
of labelled conjugate 2 and nonlabelled conjugate 3 in


Figure 2. CD spectra of AmB–Erg covalent conjugates in EPC mem-
branes prepared by the mixed-with-lipid method.[19] The AmB (or conju-
gate) to PC ratio was 10�3 :1 and the concentration of PC was 5 mm.


Figure 3. CD spectra of AmB in EPC membrane containing 10% ergo-
sterol or 10% cholesterol prepared by the mixed-with-lipid method.[19]


The AmB to lipids (PC plus sterol) ratio was 10�3 :1 and the concentra-
tion of lipids was 5 mm. The negative peak at around 300 nm for AmB in
Erg–EPC is due to ergosterol.


Figure 4. 13C ACHTUNGTRENNUNG{19F} RDX spectra of [U-13C]AmB–C2–(6-F)Erg 2 in a
DMPC membrane. The membrane preparation contained conjugate 2
and DMPC at a molar ratio of 1:10 and 10 mm HEPES/D2O buffer solu-
tion (50% wt; pH 7.0). The spectra were obtained after 40 rotor cycles of
19F dephasing (8 ms) with magic-angle spinning at 5 kHz, 30 8C. The
number of scans was 32896. The top trace is the RDX difference spec-
trum, DS.
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DMPC showed similar dephasing effects, whereas a noncon-
jugated pair of uniformly 13C-labelled AmB and 6-fluoroer-
gosterol produced virtually no dephasing (see the Support-
ing Information). These observations indicate that the de-
phasing effects of the polyene moiety are largely derived
from intramolecular 13C–19F dipolar interactions. In the case
of the (6-F)Cho conjugate 4, the DS/S0 value was similar to
that of the (6-F)Erg congener (see the Supporting Informa-
tion), suggesting that, as with the membrane-permeability
activity, the sterol selectivity of AmB may be attributable to
a small preference for ergosterol over cholesterol, which is
easily compensated for by the covalent linkage and fluorine
substitution.[20]


Measuring accurate 13C–19F distances for 2 from the RDX
spectra was extremely difficult because the polyene peak
was comprised of multiple-spin systems with overlapping 13C
signals and the biosynthetic 13C-labelled AmB was a mixture
of many isotopomers labelled at different sites. Nevertheless,
we assumed that the maximum possible 13C–19F distance can
be determined from the DS/S0 values. Total dephasing and
refocusing effects in RDX experiments are known to be sig-
nificantly attenuated when compared with those in normal
REDOR experiments,[37] indicating that a 13C–19F distance
calculated from RDX data with an REDOR dephasing
curve[24] will be larger than the actual distance. According to
conventional REDOR calculations,[37] a DS/S0 value of 12%
corresponds to a 13C–19F distance of 8.6 >, indicating that
the interatomic distance between the 19F atom and its near-
est 13C atom in the polyene moiety should be less than
8.6 >; if smaller dephasing effects in RDX[36] are taken into
account, the maximum distance would be 7.0–7.5 > (see the
Supporting Information for details). Thus, the actual dis-
tance between the fluorine atom and one of the polyene
carbon atoms is likely to be much smaller than 8.6 >. In a
similar manner, the interatomic distance between the fluo-
rine and the C1’ of mycosamine was estimated to be less
than 8.3 >. These distance constraints were utilised in con-
formational-search calculations.


Conformational search : By using the distance constraint
(<8.6 >) between the fluorine atom at C6’ of the ergosterol
moiety and the nearest carbon atom in the heptaene chain,
fourteen C�C bonds, which encompass the mycosamine
moiety, alkylcarbamate linker and the side chain of the er-
gosterol, were allowed to rotate during the conformational
search. By using the Macromodel program, we obtained the
116 minimum-energy conformations within 5 kcalmol�1


from the ground minimum; without the constraint, diverse
conformers were obtained, most of which lacked interaction
between the ergosterol alicycles and the AmB heptaene.
The conformers thus obtained were first screened for gross
structural features that were relevant to membrane integral
assemblies such as the parallel molecular axes for the AmB
and sterol moieties. Five conformers a, b, x, y and z were se-
lected for further analysis (Figure 5B). Conformers y and z
were subsequently eliminated owing to 13C–19F dephasing ef-
fects observed for the C1’ of the mycosamine moiety (DS/S0


is approximately 15%), indicating that the C1’–F distance is
likely to be less than 8.3 >. In addition, segregation of the
polyhydroxy portion from the hydrophobic ergosterol moiet-
ies, which is necessary for stabilising a membrane-integral
assembly, is not sufficiently attained in conformer x. Ulti-
mately, therefore, two conformers, a and b in Figure 5A,
remain as plausible stereostructures (for details, see the Sup-
porting Information).


Figure 5. Minimum-energy conformations of AmB–C2–(6-F)Erg 2. A
total of 116 conformers were generated by a conformational search
(Macromodel 8.6)[40] by using the distance constraints between the hep-
taene group and the fluorine site derived from the RDX spectra. The
conformers were first screened for gross structural features relevant to
membrane assembly, such as parallel molecular axes of the AmB and
sterol moieties. REDOR results provided the five candidates (a, x, y, b
and z ; in the order of their calculated stability). These structures were
further examined, leading to the elimination of some candidates and
leaving a and b as the more plausible conformers (space-filling models in
(A)). Atom colours are white: hydrogen, grey: carbon, red: oxygen, blue:
nitrogen, yellow: fluorine.
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Discussion


The membrane-permeability potency of fluoroergosterol
conjugate 2 is lower than that of nonfluorinated 3. This may
be due to the effect of fluorine substitution on the electron
density of the ergosterol diene group as evidenced by the
grossly deshielded 13C chemical shifts of the corresponding
carbon atoms in 2 (C5 113.1; C6 151.9; C7 112.6; C8 145.1).
As 7,8-dehydrocholesterol has a higher affinity for AmB
than does cholesterol,[34] the electronic state of the sterol
B ring may play a more important role in AmB–sterol inter-
actions than does the sterol side chain. Electrophysiological
studies have revealed that the mean open time of AmB
channels is increased by ergosterol, whereas their conduc-
tance is not greatly affected by the sterol species,[35] suggest-
ing that a similar-sized channel is formed by AmB regard-
less of sterol variation. Single-channel current recordings for
AmB–sterol conjugates 3 and 5 provided essentially the
same results.[18] These findings indicate that the structures of
the ion-channel assemblies formed by 3 and 5 are similar
but that their stabilities are different. The CD spectra of flu-
orinated conjugate 2 was essentially the same as that of 3
(Figure 2), suggesting that both 2 and 3 form similar assem-
blies in PC membranes.
The present results, together with previous studies, pro-


vide insights into the bimolecular interactions that occur be-
tween AmB and ergosterol in membrane-bound assemblies.
The split Cotton effect centred at 335 nm, which was not ob-
served in the spectra of AmB–ergosterol conjugates 2 and 3,
is caused by very close interactions between the heptaene
moieties of AmB.[6,28] Ernst et al.[28] reported that the dis-
tance between the heptaene groups should be less than 6 >
to give rise to this Cotton effect; the distance between
neighbouring polyene groups within a barrel-stave assembly
may be too large to produce this strong Cotton effect.[28]


The CD spectrum of AmB in ergosterol-containing lipo-
somes reveals no such split peaks (Figure 3).[7] In contrast,
the spectrum of AmB in cholesterol-containing or pure PC
liposomes, in which the membrane-permeability activity of
AmB is much less efficacious than that in ergosterol-con-
taining membranes, showed this prominent Cotton effect
(Figure 3). These observations suggest that the close proxim-
ity of the heptaene moieties is due to the nearly direct con-
tact of p planes, which is impossible within a “barrel-stave”
assembly but is feasible at the interface between membrane-
integrated assemblies or aggregates.[28] The present and pre-
vious results indicate that AmB activity is reduced when this
CD effect becomes large. Close heptaene interactions in the
absence of ergosterol, therefore, hamper formation of ion-
channel assemblies; that is, ergosterol probably prevents
close contact between AmB molecules at the heptaene
moiety.
The possible conformations of AmB–Erg conjugate 2,


which were calculated by using the distance constraints ob-
tained from solid-state NMR spectroscopy, show that the
p plane of the AmB heptaene resides close to the ergosterol
ring system (Figure 5A). These configurations of the sterol


moiety may be compatible with prevention of the close
proximity of two heptaene groups between the AmB assem-
blies. Ergosterol is believed to stabilise a molecular assem-
bly by inserting its rings between two AmB molecules.[2] Ba-
ginski et al.[9] carried out simulation studies on an AmB–er-
gosterol–PC complex and evaluated sterol functions with re-
spect to interatomic distances. When the distance between
C9 in the polyhydroxy chain of AmB and C19 of ergosterol
agrees within 2 > with the distance between C22 in the hep-
taene chain of AmB and the C19 of ergosterol, the lactone
ring of AmB is nearly parallel to the ring system of ergoster-
ol (and is inserted between AmB molecules). When the dis-
tance difference exceeds 2 >, these two ring systems are not
parallel (not inserted).[9] The differences in these interatomic
distances in conformers a and b in Figure 5 are 2.35 and
2.36 >, respectively, which rules out the insertion of the er-
gosterol rings into the AmB macrolactones. In these con-
formers, the angular methyl side (the b face) of the ergoster-
ol moiety is directed to the heptaene p plane, whereas con-
formers y and z orient the other side (the a face) to the
p plane. The latter two conformers are less plausible be-
cause the fluorine site is too far away from the mycosamine
moiety to give rise to the dipole interaction observed for
C1’ in the RDX experiment. In addition, mycosamine orien-
tation is known to play a major role in enhancing the bind-
ing of AmB molecules for ion-channel formation.[8–11,20]


Conformer b (but not a) satisfies the requirements for glyco-
sidic f-y angles and, among the conformers in Figure 5B, b
is considered to be the most appropriate for producing the
required bimolecular interactions in a conductive channel
(see the Supporting Information). The AmB–sterol complex
may represent one of the stable conformers that occurs in
dynamic conformational changes, however, this must be con-
firmed by further experiments. Nevertheless, the proximity
of ergosterol to AmB that is observed in conformer b could
reproduce the intermolecular recognition of the sterol ring
system by the polyene group of AmB in membranes.
Based on these considerations, we propose a new model


for the AmB–ergosterol complex, as is depicted in Figure 6.
In contrast with the conventional model in which ergosterols
are inserted into AmB molecules,[2,9] in the new model, the
sterol molecules surround the AmB assembly. Unlike cho-
lesterol, erogsterol is thought to directly interact with AmB
in membranes.[9,28, 38] Recently, Silva et al. reported[39] that a
close relative of AmB, nystatin, efficiently forms a compact
ion-conducting oligomer only in the presence of ergosterol.
The present results suggest that AmB–ergosterol interac-
tions are important in stabilising conductive ion channels
but that the sterol may not be firmly integrated into the
channel assembly. The primary role of the sterol in the anti-
biotic action of AmB may be to prevent the formation of
nonconducting aggregates by AmB, some of which give rise
to the observed strong split CD peaks. The relatively weak
affinity of ergosterol for AmB is evidenced by the solid-
state NMR spectroscopy results; dipolar interactions be-
tween (6-F)ergosterol and 13C-labelled AmB, which were
not detected in an intermolecular manner by the RDX ex-
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periments, were observed for their covalent conjugates 1
and 3. Under the same conditions, we previously observed
the intermolecular 13C–31P interactions between DMPC and
AmB.[16] The question is raised as to what molecules, other
than sterols, occupy the space between AmB macrolactones
that are arranged in a radial orientation. We hypothesize
that this space could be occupied by PC molecules and as
such, we are presently conducting NMR spectroscopic ex-
periments to examine the interaction between AmB and
PC.


Conclusion


The CD spectra of the AmB–ergosterol conjugates in a
membrane-bound form suggested that the distances between
the heptaene moieties of conjugates 2 and 3 are similar to
that of AmB in ergosterol-containing membranes but are
significantly larger than that of AmB in nonsterol or choles-
terol-containing membranes. These observations imply that,
as in the case with ergosterol-containing membranes, the
conjugated sterol moiety prevents contact of the heptaene
moieties in the membrane that destabilise ion-channel as-
semblies. The solid-state NMR spectroscopic measurements
of 13C, 19F labelled AmB–sterol conjugates 2 and 4 in
DMPC membrane showed a significant dephasing effect for
the heptaene portion, indicating that the sterol closely ap-
proaches the hydrophobic side of AmB in membrane assem-
blies. Another notable feature of the present study deals
with nonpeptidic agents, which are generally difficult to iso-
tope label or otherwise chemically modify. By using the
present method, however, we could not determine precise
interatomic distances, mainly owing to signal overlap of
polyene 13C resonances. To address this problem, selectively
13C- or 19F-labelled AmB and sterol are essential and are
currently being prepared in our laboratory.


Experimental Section


Materials : Amphotericin B (AmB, 1), cholesterol and egg phosphatidyl-
choline were purchased from Nacalai Tesque. Ergosterol was from Tokyo
Kasei (Tokyo, Japan), carbonyl cyanide-p-trifluoromethoxyphenyl hydra-
zone (FCCP) from Tocris Cookson (Bristol, UK) and DMPC from
Avanti Polar Lipid (Alabaster, AL). All other chemicals were obtained
from standard vendors and used without further purification.


Preparation of AmB–C2–(6-F)sterol covalent conjugates : AmB–sterol co-
valent conjugates 2–5 were prepared according to the previous report.[18]
13C-labelled AmB was obtained by the laboratory cultures of the drug-
producing organism, Streptomyces nodosus with media containing the
uniformly 13C-labelled glucose ([U-13C]).[17,30]


N-(6-Fluoroergosteryloxycarbonyloxy)-3-amino-1,2-propanediol (7a):
Triethylamine (0.33 mL, 2.352 mmol) was added to a stirred solution of
6-fluoroergosterol (48.8 mg, 0.118 mmol) and N,N’-disuccinimidyl carbon-
ate (301.5 mg, 1.176 mmol) in acetonitrile (2.4 mL). The reaction mixture
was sonicated for 4 h and then diluted with aqueous saturated NaHCO3


followed by extraction with ethyl acetate. The organic layer was washed
with brine, dried over Na2SO4 and concentrated in vacuo. Purification by
silica gel column chromatography by using hexane/ethyl acetate (3:1) as
a mobile phase afforded N-succinimidyl carbonate (53.2 mg, 81%). 3-
Amino-1,2-propanediol (43.6 mg, 0.479 mmol) was added to a stirred so-
lution of N-succinimidyl carbonate at room temperature. After 2.5 h, the
solution was diluted with chloroform, washed with aqueous saturated
NH4Cl and dried over Na2SO4. Removal of the solvent under reduced
pressure gave N-(6-fluoroergosteryloxycarbonyloxy)-3-amino-1,2-pro-
panediol 7a (47.6 mg, 94%) as a diastereomeric mixture; 1H NMR
(500 MHz, CDCl3): d=5.37 (br d, J=8.5 Hz, 1H), 5.31 (br t, J=5 Hz,
1H), 5.19 (dd, J=15.0, 7.5 Hz, 1H), 5.14 (dd, J=15.0, 7.5 Hz, 1H), 4.53
(dddd, J=11.3, 11.3, 4.3, 4.3 Hz, 1H), 3.76 (br s, 1H), 3.62–3.53 (m, 2H),
3.34–3.20 (m, 2H), 2.98 (dd, J=14.5, 4.0 Hz, 1H), 2.03–1.22 (m, 21H),
1.00 (d, J=6.5 Hz, 3H), 0.94 (s, 3H), 0.89 (d, J=7.0 Hz, 3H), 0.81 (d, J=


7.0 Hz, 3H), 0.80 (d, J=7.0 Hz, 3H), 0.59 ppm (s, 3H); ESI-MS: m/z :
554.7 [M+Na]+ .


N-(6-Fluoroergosteryloxycarbonyloxy)aminoacetoaldehyde (8a): An
aqueous solution of NaIO4 (0.113 mmol in 0.23 mL) was added to the
THF solution of diol 7a (24.1 mg, 0.0453 mmol; 0.9 mL). The reaction
mixture was stirred vigorously at room temperature for 2.5 h, then 1.0m


ethylene glycol solution (0.23 mL) was added. After extraction with
AcOEt, the resulting organic layer was washed with water, dried over
MgSO4 and evaporated in vacuo. Purification by silica gel column chro-
matography with hexane/ethyl acetate (3:1) afforded aldehyde 8a
(16.6 mg, 75%); 1H NMR (500 MHz, CDCl3): d=9.65 (s, 1H), 5.37 (ddd,
J=8.5, 2.4, 2.4 Hz, 1H), 5.31 (t, J=4.9 Hz, 1H), 5.19 (dd, J=15.3, 7.3 Hz,
1H), 5.14 (dd, J=15.3, 7.3 Hz, 1H), 4.57 (dddd, J=11.3, 11.3, 4.5, 4.5 Hz,
1H), 4.13 (d, J=4.9 Hz, 2H), 3.00 (ddd, J=14.3, 4.9, 1.5 Hz, 1H), 2.05–
1.23 (m, 19H), 1.01 (d, J=6.7 Hz, 3H), 0.95 (s, 3H), 0.89 (d, J=7.0 Hz,
3H), 0.81 (d, J=7.0 Hz, 3H), 0.80 (d, J=7.0 Hz, 3H), 0.59 ppm (s, 3H).


AmB–C2–(6-F)Erg (2): Aldehyde 8a (16.6 mg, 0.0339 mmol) and AmB
(34.5 mg, 0.0373 mmol) were dissolved in DMF/MeOH/CHCl3 (9:3:1;
3.9 mL) and stirred vigorously for 11 h. NaBH3CN (10.6 mg, 0.170 mmol)
was added to the solution and stirred at room temperature. After 36 h,
the reaction mixture was poured into Et2O. The resulting suspension was
filtered through celite and the precipitate was washed with Et2O. The re-
sulting yellow precipitate was dissolved in CHCl3/MeOH (3:1) and this
organic layer was washed with water, dried over MgSO4 and evaporated
in vacuo. Purification by silica gel column chromatography with CHCl3/
MeOH/H2O (10:6:1) afforded AmB–C2–(6-F)Erg 2. Further purification
of conjugate 2 was performed by a gel-permeation chromatography
column, JAIGEL-GS310 (f21.5R300 mm, Japan Analytical Industry Co.
Ltd.) and a CHCl3/MeOH (3:1) solvent system with a LC-918 recycling
preparative HPLC system. Finally, AmB–C2–(6-F)Erg (2.5 mg,
0.00178 mmol, 5%) was obtained: HPLC retention time=27.5 min;
1H NMR (500 MHz, [D6]DMSO): d=5.34–5.30 (m, 1H; sterol 7-H),
5.26–5.15 (m, 2H; sterol 22-H and 23-H), 0.88 (d, J=7.0 Hz, 3H; sterol
28-H), 0.81 (d, J=7 Hz, 3H; sterol 26-H or 27-H), 0.79 ppm (d, J=7 Hz,
3H; sterol 26-H or 27-H). All other signals are practically identical with


Figure 6. The surrounding model (A) versus the inserted model (B). The
solid-state NMR and CD spectra of AmB–ergosterol conjugates, coupled
with conformational search results, support model (A) in which ergoster-
ol molecules (blue green) surround a barrel-stave channel of AmBs
(yellow) rather than the previous model (B) in which ergosterol is insert-
ed between two AmB molecules.[2] The orange face and its opposite
(yellow) face of each yellow box correspond to the polyhydroxy group
and heptaene portion of AmB, respectively. Single-length channels,
which were reported to occur in DMPC membranes,[16] are presented.
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those of AmB–C2–(6-F)Cho 4 ;
19F NMR (470.4 MHz, [D6]DMSO): d=


�125.0 (br s); ESI-MS: m/z : 1407.5 [M+H]+ ([U-13C]AmB–C2–(6-F)Erg:
m/z : 1431.7 [M+H]+).


N-(6-Fluorocholesteryloxycarbonyloxy)-3-amino-1,2-propanediol (7b):
Triethylamine (0.27 mL, 1.980 mmol) was added to a stirred solution of
6-fluorocholesterol (24.0 mg, 0.0593 mmol) and N,N’-disuccinimidyl car-
bonate (253.6 mg, 0.990 mmol) in acetonitrile (1.2 mL). The reaction pro-
ceeded under sonication. After 3 h, the mixture was diluted with aqueous
saturated NaHCO3 then extracted with ethyl acetate. The organic layer
was washed with brine, dried over Na2SO4 and concentrated in vacuo. Pu-
rification by silica gel column chromatography with hexane/ethyl acetate
(3:1) afforded N-succinimidyl carbonate (25.1 mg, 78%). 3-Amino-1,2-
propanediol (37.6 mg, 0.413 mmol) was added to a stirred solution of N-
succinimidyl carbonate at room temperature. After 2.5 h, the solution
was diluted with chloroform, washed with aqueous saturated NH4Cl and
dried over Na2SO4. Removal of the solvent under reduced pressure gave
N-(6-fluoroergosteryloxycarbonyloxy)-3-amino-1,2-propanediol 7b
(25.5 mg, quantitative) as a diastereomeric mixture; 1H NMR (500 MHz,
CDCl3): d=5.19 (br s, 1H), 4.44 (dddd, J=11.3, 11.3, 4.5, 4.5 Hz, 1H),
3.75 (br s, 1H), 3.62–3.53 (m, 2H), 3.33–3.20 (m, 2H), 3.03 (dd, J=13.5,
4.0 Hz, 1H), 2.12–1.05 (m, 29H), 0.98 (s, 3H), 0.89 (d, J=6.5 Hz, 3H),
0.84 (d, J=6.5 Hz, 3H), 0.84 (d, J=6.5 Hz, 3H), 0.65 ppm (s, 3H); ESI-
MS: m/z : 544.4 [M+Na]+ .


N-(6-Fluorochoresteryloxycarbonyloxy)aminoacetoaldehyde (8b): The
THF solution of diol 7b (25.5 mg, 0.0489 mmol; 0.5 mL) was added to
0.5m aqueous solution of NaIO4 (0.24 mL, 0.122 mmol). The reaction
mixture was stirred vigorously at room temperature for 2 h, then 1.0m


ethylene glycol solution (0.25 mL) was added. After extraction with
AcOEt, the resulting organic layer was washed with water, dried over
MgSO4 and evaporated in vacuo. Purification by silica gel column chro-
matography with hexane/ethyl acetate (3:1) as the mobile phase afforded
aldehyde 8b (20.1 mg, 84%); 1H NMR (500 MHz, CDCl3): d=9.64 (s,
1H), 5.28 (br s, 1H), 5.31 (t, J=4.9 Hz, 1H), 4.48 (dddd, J=11.6, 11.6,
3.7, 3.7 Hz, 1H), 4.11 (d, J=4.0 Hz, 2H), 3.05 (ddd, J=13.0, 5.0, 2.0 Hz,
1H), 2.12–2.05 (m, 1H), 1.99 (ddd, J=12.5, 3.5, 3.5 Hz, 1H), 1.89–1.76
(m, 5H), 1.60–1.23 (m, 13H), 1.17–1.03 (m, 7H), 0.99 (s, 3H), 0.89 (d, J=


6.5 Hz, 3H), 0.84 (d, J=6.5 Hz, 3H), 0.84 (d, J=6.5 Hz, 3H), 0.65 ppm
(s, 3H).


AmB–C2–(6-F)Cho (4): Aldehyde 8b (17.3 mg, 0.0353 mmol) and AmB
(32.6 mg, 0.0353 mmol) were dissolved in DMF/MeOH/CHCl3 (9:3:1;
3.9 mL) and stirred vigorously for 2.5 h. NaBH3CN (11.1 mg,
0.177 mmol) was added to the solution and stirred at room temperature.
After 37.5 h, the reaction mixture was poured into Et2O. The resulting
suspension was filtered through celite and the precipitate was washed
with Et2O. The resulting yellow precipitate was dissolved in CHCl3/
MeOH (3:1) and the organic layer was then washed with water, dried
over MgSO4 and evaporated in vacuo. Purification by silica gel column
chromatography with CHCl3/MeOH/H2O (10:6:1) afforded AmB–C2–(6-
F)Erg 2. Further purification of conjugate 2 was performed by a column
chromatography with JAIGEL-GS310 (f21.5R300 mm, Japan Analytical
Industry Co., Ltd.) and a CHCl3/MeOH (3:1) solvent system with a LC-
918 recycling preparative HPLC system. Finally, AmB–C2–(6-F)Erg
(3.8 mg, 0.00272 mmol, 8%) was obtained: HPLC retention time=


27.5 min; all 1H NMR signals (500 MHz, [D6]DMSO) are practically
identical with those of AmB–C2–Cho;


[18] 19F NMR (470.4 MHz,
[D6]DMSO): d=�109.8 (br s); ESI-MS: m/z : 1397.7 [M+H]+


([U-13C]AmB–C2–(6-F)Cho: m/z : 1421.5 [M+H]+).


Liposome preparations : Large unilamellar vesicles (LUV) were prepared
according to the methods reported by HervS et al.[33] Briefly, egg phos-
phatidylcholine (12 mmol) and either AmB–C2–Sterol or AmB (3.6 nmol)
were dissolved in chloroform/methanol (3:1) and the mixture was evapo-
rated to a thin film in a 10-mL test tube. After the film was dried under
vacuum for over 8 h, 0.4 mm KH2PO4 and 1 mm EDTA at pH 5.5 in H2O/
D2O (6:4; 166.7 mL) was added to the test tube. The lipid mixture was
suspended in the buffer solution by using a vortex apparatus and sonica-
tion. The resultant suspension was frozen at �20 8C and thawed at 50 8C
three times. The LUV thus obtained was passed through a membrane


filter (pore size: 0.2 mm) 19 times with a Liposofast apparatus (AVES-
TIN).


K+ ion flux assays by using 31P NMR: The LUV suspension was diluted
six times with 0.4 mmK2SO4 and adjusted to pH 7.5 with KOH. Then
FCCP (2.67 nmol) in EtOH (2.67 mL) was added and the LUV was
shaken gently for 6 h at 25 8C. The LUV suspension (550 mL) with the
lipid concentration of 12 mm was transferred to a 5-mm NMR glass tube
and added to 1 mm MnCl2 (4.4 mL). The 31P NMR spectrum at 23 8C was
measured at 202.35 MHz (JEOL, GSX-500 Spectrometer) with 1H broad-
band decoupling. The flux activity was obtained from the NMR spectro-
scopic peak integrations from 1.1 to 3.2 ppm and was then expressed as
the percentage of peak area for 1.3–3.2 ppm in the total area for 1.1–
3.2 ppm. In other words, all resonances in this area, other than a peak at
1.2 ppm, were regarded as those of permeabilised liposomes.


CD spectral measurements : The CD spectra of AmB–Erg conjugates
were measured for liposomes prepared by the mixed-with-lipid method
as reported previously.[19] Briefly, EPC (12 mmol) and either AmB–C2–
sterol or AmB (3.6 nmol, added as a 1.25 mm stock solution in DMSO)
were dissolved in CHCl3/MeOH (3:1) and the mixture was evaporated to
a thin film in a 10-mL test tube. After the film was dried under vacuum
for over 8 h, 9% sucrose solution (166.7 mL) was added to the test tube.
The lipid mixture was suspended in the buffer solution by using a vortex
apparatus and sonication. The resultant suspension was frozen at �20 8C
and thawed at 50 8C three times. The LUV thus obtained was passed
through a membrane filter (pore size: 0.2 mm) 19 times with a Liposofast
apparatus (AVESTIN). Then, 9% sucrose buffer solution was added so
that the final concentration of AmB was adjusted to be 5 mm. CD spec-
troscopy was performed on a JASCO J-750W spectrometer with a 2-mm
cuvette.


Solid-state NMR spectroscopic measurements : For preparing membrane-
bound AmB, [U-13C]AmB–C2–(6-F)Erg 2 (3.2 mg) and DMPC (15.2 mg;
1:10 molar ratio) were dissolved in CHCl3/MeOH (3:1) and the solvent
was evaporated in vacuo for 8 h. The membrane preparation was hydrat-
ed with 10 mm 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid
(HEPES) buffer solution (18.4 mL; pH 7.0) under Ar and then diluted
with H2O (1 mL). The lipid mixture was suspended in aqueous phase by
using a vortex apparatus and sonication. The resultant suspension was
frozen and thawed and then stirred vigorously to make multilamellar
vesicles. The MLV preparation was lyophilised, rehydrated with D2O
(about 20 mL) and packed into a f5 mm magic-angle spinning (MAS)
rotor within a glass insert. The membrane dispersion of [U-13C]AmB–C2–
(6-F)Cho 4 (1:10) and the diluted dispersion of 2 with nonlabelled AmB–
C2–Erg 3 (0.5:0.5:10) were prepared by the same method.


13CACHTUNGTRENNUNG{19F}RDX
spectra were recorded at 75.315 Hz for 13C and 281.773 Hz for 19F on a
CMX300 (Varian/Chemagnetics) spectrometer with the MAS frequency
of (5000�2) Hz. The rotor temperature was maintained at (30�1) 8C
with a temperature controller. The spectral width was 30 kHz. Typically,
the p/2 pulse width for 1H was 4 ms, and the p pulse width for 13C and 19F
were 8 ms and 14 ms, respectively. The contact time for cross-polarisation
transfer was set to be 1.5 ms. The REDOR spectra were acquired with a
recycle delay of 4 s and a 1H decoupling field strength of 83 kHz and
were measured at a dephasing time of 8 ms by using xy-8 phase cycling
for 19F irradiation.


Molecular modelling of AmB–C2–(6F)Erg 2 : The conformational search
of AmB–C2–(6-F)Erg was carried out with the Macromodel software


[40]


version 8.6 installed on a RedHat Linux 8 operating system. Initial
atomic coordinates and structure files were generated step by step from
the crystal data of N-iodoacetyl AmB.[41] The macrolide in the AmB
moiety was treated as a semirigid group in which �30o allowance from
the crystal structure was given to each C�C bond upon calculation. The
interatomic distance between the fluorine at the ergosterol moiety and
C23 of AmB was restricted in the range of (5.6�3.0) > as C23 should
come close to the fluorine atom in ergosterol on the basis of the AmB–
ergosterol interaction proposed in our previous study.[18] Sampling of the
conformational space was performed with a Monte Carlo multiple mini-
mum method (MCMM).[42] The following 14 C�C bonds that consist of
the covalent conjugation parts including the mycosamine moiety of AmB
and the side chain of the ergosterol were allowed to rotate during the
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MCMM conformational search; C16�C41, C19�O, O�C1’, C3’�N, N�
CH2 ACHTUNGTRENNUNG(linker), CH2�CH2 ACHTUNGTRENNUNG(linker), CH2�N ACHTUNGTRENNUNG(linker), N�CO ACHTUNGTRENNUNG(linker), CO�O
(linker), O�C3 ACHTUNGTRENNUNG(sterol) and four relevant bonds in a sterol side chain. The
AMBER* force field[43] implemented in the Macromodel program was
used for the conformational searches in 5000 steps. Continuum solvation
models for water by using a generalised Born/surface area (GB/SA)[44]


were applied through the calculations. Energy minimisation was carried
out by using the Polak–Ribiele conjugate gradient (PRCG) method with
7000 maximum iterations.
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Abstract: The 16-FeIII-containing 48-
tungsto-8-phosphate [P8W48O184Fe16-
ACHTUNGTRENNUNG(OH)28 ACHTUNGTRENNUNG(H2O)4]


20� (1) has been synthes-
ised and characterised by IR and ESR
spectroscopy, TGA, elemental analyses,
electrochemistry and susceptibility
measurements. Single-crystal X-ray
analyses were carried out on
Li4K16[P8W48O184Fe16(OH)28 ACHTUNGTRENNUNG(H2O)4]-
ACHTUNGTRENNUNG·66H2O·2KCl (LiK-1, orthorhombic
space group Pnnm, a=36.3777(9) 5,
b=13.9708(3) 5, c=26.9140(7) 5, and
Z=2) and on the corresponding mixed
sodium–potassium salt Na9K11-
ACHTUNGTRENNUNG[P8W48O184Fe16(OH)28ACHTUNGTRENNUNG(H2O)4]·100H2O
(NaK-1, monoclinic space group C2/c,
a=46.552(4) 5, b=20.8239(18) 5, c=


27.826(2) 5, b=97.141(2)8 and Z=4).
Polyanion 1 contains—in the form of a


cyclic arrangement—the unprecedent-
ed {Fe16(OH)28 ACHTUNGTRENNUNG(H2O)4}


20+ nanocluster,
with 16 edge- and corner-sharing FeO6


octahedra, grafted on the inner surface
of the crown-shaped [H7P8W48O184]


33�


(P8W48) precursor. The synthesis of 1
was accomplished by reaction of differ-
ent iron species containing FeII (in
presence of O2) or FeIII ions with the
P8W48 anion in aqueous, acidic medium
(pH �4), which can be regarded as an
assembly process under confined geo-
metries. One fascinating aspect is the
possibility to model the uptake and re-


lease of iron in ferritin. The electro-
chemical study of 1, which is stable
from pH 1 through 7, offers an interest-
ing example of a highly iron-rich clus-
ter. The reduction wave associated
with the FeIII centres could not be split
in distinct steps independent of the po-
tential scan rate from 2 to 1000 mVs�1;
this is in full agreement with the struc-
ture showing that all 16 iron centres
are equivalent. Polyanion 1 proved to
be efficient for the electrocatalytic re-
duction of NOx, including nitrate. Mag-
netic and variable frequency EPR
measurements on 1 suggest that the
FeIII ions are strongly antiferromagneti-
cally coupled and that the ground state
is tentatively spin S=2.
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Introduction


Chemistry under confined geometries—and this in a general
sense—has attractive aspects which may be related to spe-
cial topics of surface,[1a] geo-[1b] and especially biosciences.[2,3]


One may ask general questions, such as: what is it like for
molecules/ions to “live” inside a nanosized molecular con-
tainer (or generally under constrained/shielded environmen-
tal conditions) with respect to the interactions between
them? In this context we can refer to two scenarios: 1) such
interactions take place (nearly) independent of the cavity-in-
terior shell functionalities (as in a nano-test-tube) or 2) they
are influenced by the shell functionalities. Whereas in the
first case the situation allows the spectroscopic identifica-
tion/characterisation of the species under consideration
more easily than under bulk conditions, in the second case
one can study template-directed syntheses leading to unpre-
cedented nanospecies. Such a process occurs in nature in dif-
ferent types of compartments.[3] In the case of biomineralisa-
tion we can refer to the imposition of (biological) direction-
ality on the chemistry of growth processes (vectorial regula-
tion).[3] In the present study we consider templated nuclea-
tion processes based on hydrate complexes of FeII (in
presence of O2) and FeIII in the cavity of the cyclic 48-tung-
stophosphate P8W48 leading to an unprecedented 16-metal-
centre iron oxide formed by linking FeO6 octahedra. This
type of nucleation is based on a breaking of symmetry
during the assembly process caused by the template effect
of the cavity internal WO groups. The mentioned reaction
of FeII in the presence of dioxygen shows an important fea-
ture: it played a key role on the early earth leading to iron-
banded ores and is—regarding the confinement condi-
tions—the basis for the formation of the iron oxide core of
the metal-storage protein ferritin.[4a] In context with the
present vectorial growth process, we should refer also to the
bacterial Mo storage proteins, in which different specific
pockets of the protein cavity direct in unique nucleation
processes the formation of different polyoxometalates
(POMs).[4b] The type of procedure/nucleation process de-
scribed in this paper, which has several important interdisci-
plinary aspects, could in principle be extended to POMs
with much larger cavities, for example, wheel-shaped poly-
oxomolybdates of the type Mo176.


[4c]


Results and Discussion


Synthesis and structure : Although the P8W48 cluster has
been known for more than 20 years,[5] only recently the first
examples of metal-containing derivatives have been report-
ed. PopeOs group prepared the first lanthanide derivative,
{Ln4 ACHTUNGTRENNUNG(H2O)28[K�P8W48O184 ACHTUNGTRENNUNG(H4W4O12)2Ln2ACHTUNGTRENNUNG(H2O)10]


13�}x (Ln=


La, Ce, Pr, Nd),[6] and Kortz and co-workers isolated the
first transition-metal derivative, the 20-copper(II)-containing
[Cu20Cl(OH)24 ACHTUNGTRENNUNG(H2O)12(P8W48O184)]


25�[7] (see also the report
on the Cu20-azide derivative [P8W48O184Cu20ACHTUNGTRENNUNG(N3)6-
ACHTUNGTRENNUNG(OH)18]


24�[8]), while MMller et al. discovered


[K8�{P8W48O184}{V
V
4V


IV
2O12 ACHTUNGTRENNUNG(H2O)2}2]


24�, containing two cat-
ionic V6-type mixed-valence clusters and formed by an un-
precedented nucleation process.[9] Very recently Kortz et al.
reported {KACHTUNGTRENNUNG(H2O)}3{Ru ACHTUNGTRENNUNG(p-cymene)ACHTUNGTRENNUNG(H2O)}4P8W49O186-
ACHTUNGTRENNUNG(H2O)2]


27�, which represents the first organometallic deriva-
tive of P8W48.


[10] Here we report on the iron derivative
[P8W48O184Fe16(OH)28ACHTUNGTRENNUNG(H2O)4]


20� (1), which was identified in-
dependently in Bremen[11] and Bielefeld.


Polyanion 1 was isolated as the mixed cation salts
Li4K16[P8W48O184Fe16(OH)28 ACHTUNGTRENNUNG(H2O)4]·66H2O·2 KCl (LiK-1)
and Na9K11[P8W48O184Fe16(OH)28ACHTUNGTRENNUNG(H2O)4]·100H2O (NaK-1),
see Experimental Section. Polyanion 1 contains an unprece-
dented {Fe16(OH)28ACHTUNGTRENNUNG(H2O)4}


20+ cluster in the cavity of P8W48


with 16 edge- and corner-sharing FeO6 octahedra being
grafted to the inner surface of the “host” (see Figures 1 and
2).


Polyanion 1 was generated by rather different synthetic
procedures with respect to the type of iron precursors and
the solvents (see Experimental Section). The Bremen group
developed three slightly different synthesis procedures for 1
versus two of the Bielefeld group. For example, 1 can be
prepared by reaction of a solution of P8W48 with 1) FeCl3 in
0.5m LiCH3COO/CH3COOH buffer, pH 4.0 and a few
drops of 30% H2O2, 2) Fe ACHTUNGTRENNUNG(ClO4)3 in 0.5m LiCH3COO/


Figure 1. Front and side view of the structure of 1 emphasising the FeO6


octahedra (brown) in polyhedral representation. Colour code: W (green),
O (red), P (pink).
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CH3COOH buffer, pH 4.0, 3) FeSO4 in 0.5m LiCH3COO/
CH3COOH buffer, pH 4.0 and a few drops of 30% H2O2, 4)
[Fe3OACHTUNGTRENNUNG(CH3COO)6 ACHTUNGTRENNUNG(H2O)3]Cl·H2O (Fe3Ac6) in 1m


NaCH3COO/CH3COOH buffer, pH 4.2 and 5) FeCl2 in 1m


NaCH3COO/CH3COOH buffer, pH 4.2 in presence of O2.
Interestingly, the last reaction can be considered as a model
for the formation of the iron ACHTUNGTRENNUNG(III) oxide nucleus of ferritin.


It became apparent that, as expected, the pH is a crucial
parameter besides the acetate medium. On the other hand,


it is possible to use a large variety of iron salts as starting
materials, ranging from mononuclear iron(II) and ironACHTUNGTRENNUNG(III)
complexes (the former requires addition of an oxidant) to
trinuclear iron ACHTUNGTRENNUNG(III) carboxylates. These observations support
earlier knowledge that POM syntheses in general depend
very much on the boundary conditions in the reaction vessel
(e.g., pH and solvent).


Polyanion 1 exhibits a highly attractive symmetrical D4h


structure (see Figures 1 and 2). The large cavity (roughly 9Y
9Y7=567 53) of the “cyclic template/host” P8W48 has been
“decorated” with a cationic nanocluster built up by 16 FeO6


octahedra, resulting in a smaller, central cavity (roughly 6Y
6Y5=180 53). The related “Fe16 ring” is composed of eight
pairs of structurally equivalent, edge-shared FeO6 octahedra
that are connected to each other through corners. While
most of the Fe-O-Fe bridges are monoprotonated, four are
diprotonated (presence of H2O ligands). This can be con-
firmed by looking at the related bond valence sums (BVS)
of these oxygen atoms.[12] For example, the protonated oxy-
gens (with the corresponding BVS values) of the polyanion
in the mixed lithium–potassium salt LiK-1 are O14F (0.69),
O23F (0.71), O13F (1.08), O24F (1.11), O14G (1.17), O23G
(1.27), O1FE (1.31), O2FE (1.32), and O4FE (1.34), see
Figure 3. The rather low, but “intermediate” (between
mono- and diprotonation) BVS values of 0.69 and 0.71 for
O14F and O23F, respectively, led us to believe that we are
looking at a water and a hydroxo ligand disordered over
these two sites. Hence, we should have a total of 28 hydroxo
and 4 aqua ligands associated with 1.


These results confirm that we have indeed grafted an un-
precedented, cyclic {Fe16(OH)28ACHTUNGTRENNUNG(H2O)4}


20+ iron nanocluster
with hydroxo and aqua ligands inside the cavity of P8W48


(see Figures 1 and 2). Selected bond lengths and angles of
the {Fe16(OH)28ACHTUNGTRENNUNG(H2O)4}


20+ unit are shown in Figure 3. The
FeO6 octahedra are only slightly distorted with Fe�O distan-
ces ranging from 1.985(12) to 2.153(12) 5.


It is of interest to compare the structure of 1 with P8W48-
type analogues containing other transition-metal centres.
For example, we notice that the grafting mode of the 16 FeIII


centres in 1 is different from that of the 20 CuII centres in
[Cu20Cl(OH)24 ACHTUNGTRENNUNG(H2O)12(P8W48O184)]


25�.[7a] In 1 each of the
16 equivalent FeIII centres is bound to P8W48 by a Fe�O(W)
and a Fe�O(P) bond, resulting in a tight anchoring of the
16-iron–hydroxo core. In the Cu20-POM, only eight of the 20
CuII ions form two covalent Cu�O(W) bonds each to the
P8W48 host. Hence, the eight phosphate groups of P8W48 are
not involved in the binding to the cationic {Cu20(OH)24}


16+


cluster guest. In fact, 1 is structurally most closely related to
MialaneOs Cu20-azide derivative [P8W48O184Cu20 ACHTUNGTRENNUNG(N3)6-
ACHTUNGTRENNUNG(OH)18]


24�.[8] In the latter, 16 of the 20 CuII ions are bound
to the inner rim of P8W48 in exactly the same fashion as the
FeIII centres in 1. The sites of the remaining four unique,
Jahn–Teller distorted CuII ions in MialaneOs POM remain
empty in 1. However, we believe that in principle these four
sites could be filled in 1 as well; for example, by CuII ions.
In other words, there is a good chance that a mixed-metal
(e.g., 16-iron-4-copper) derivative of 1 can be prepared.


Figure 2. Top: Combined polyhedral/ball-and-stick representation of 1
emphasizing the connectivity of the central {Fe16(OH)28 ACHTUNGTRENNUNG(H2O)4}


20+ cluster.
Bottom: Ball-and-stick representation of the 16-iron-hydroxo cluster
alone. Colour code: Fe (brown), O (red), PO4 tetrahedra (pink), WO6 oc-
tahedra (green).
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Electrochemistry


Stability studies : UV/Vis spectroscopy and cyclic voltamme-
try (CV) were used to assess the stability of the title polyan-
ion 1 by redissolving LiK-1 in several aqueous media classi-
cally used as supporting electrolytes in electrochemical stud-
ies of POMs. Both techniques demonstrate that 1 is stable
from pH 0.3 through 7. In this pH domain, its electronic
spectra are characterised by an absorption peak located


roughly at 350 nm and assigned to the FeIII centres in the
structure and a second peak around 265 nm due to the tung-
stophosphate ligand framework P8W48. The locations of
these peaks depend on the pH. CV experiments, the dura-
tion of which can last up to 10 h, confirm also that 1 is
stable in this pH domain.


Voltammetric studies : UV/Vis spectroscopy and CV studies
indicate that 1 is stable from pH 0.3 through 7 and also its
precursor P8W48.


[13] Figure 4 shows the CVs of 1 and P8W48


in superposition. In the cathodic branch of the CV of 1, is
observed a reduction peak located at �0.220 V versus SCE,
which does not exist in the pattern of the lacunary species
P8W48. This wave is assigned to the reduction of the FeIII


centres. As a matter of fact, the FeIII centres are known to
be more easily reduced than the WVI centres as seen in sev-
eral iron-containing polytungstates.[14–16] For potential scan
rates from 1000 down to 2 mVs�1, no splitting of the single
Fe-wave of 1 was observed. Controlled potential coulometry
with the potential set at �0.230 V versus SCE indicates the
consumption of 16 electrons per molecule. In addition, the
characteristic blue colour of reduced W centres of most
POMs was not observed during such reduction. These obser-
vations together confirm that this wave features the simulta-
neous one-electron reduction of the 16 FeIII centres in 1. Re-
duction of all the 16 structurally equivalent Fe centres of 1
in a single step suggests that they are relatively independent,
a feature that is reminiscent of the reduction process of cer-
tain polymers or dendrimers. Analogous examples can be
found in POM electrochemistry.[16]


A detailed electrochemical study of 1 is provided in the
Supporting Information (see Figures S1 and S2). These re-
sults underscore, at least, two important characteristics of 1,
which render this molecule a potential candidate for trigger-
ing electrocatalytic processes. Firstly, accumulation of sever-
al metallic centres associated with simultaneous electron


Figure 3. Top: Ball-and-stick view of a segment of 1. Bottom: Side view
including four independent FeIII centres. Oxygen atoms O9WF, O4WF,
O1WF, and O123 bridge to atoms W9, W4, W1, and W12, respectively.
Atoms O1P1, O3P1, O2P2, and O4P2 bridge to atoms P1 and P2. Select-
ed distances (5) and angles (8): Fe1�O1FE, 1.895(12); Fe1�O14G,
1.959(12); Fe1�O9WF, 1.964(12); Fe1�O13F, 1.972(12); Fe1�O2P2,
2.086(12); Fe1�O14F, 2.145(12); Fe2�O2FE, 1.905(6); Fe2�O23G,
1.942(12); Fe2�O1WF, 1.975(12); Fe2�O24F, 1.985(12); Fe2�O1P1,
2.067(11); Fe2�O23F, 2.140(13); Fe3�O1FE, 1.924(12); Fe3�O23G,
1.933(12); Fe3�O123, 1.964(12); Fe3�O13F, 1.975(12); Fe3�O4P2,
2.093(12); Fe3�O23F, 2.126(12); Fe4�O4FE, 1.903(6); Fe4�O14G,
1.950(12); Fe4�O24F, 1.951(12); Fe4�O4WF, 1.986(12); Fe4�O3P1,
2.103(11); Fe4�O14F, 2.153(12); Fe1-O14G-Fe4, 107.3(6); Fe1-O14F-Fe4,
94.2(5); Fe2-O23F-Fe3, 94.8(5); Fe2-O23G-Fe3, 108.3(6); Fe1-O13F-Fe3,
135.1(7); Fe2-O24F-Fe4, 136.1(6); Fe1-O1FE-Fe3(i), 139.6(7); Fe2-
O2FE-Fe2(ii), 139.2(9); Fe4-O4FE-Fe4(ii), 137.5(9). All O-Fe-O angles
are within 12.5(6)8 of 90 or 180. Symmetry operations: (i), �x, �1�y, z ;
(ii), x, y, �z.


Figure 4. Superposition of the cyclic voltammograms of 4Y10�5m 1 (full
line curve) and 4Y10�5m P8W48 (dotted line curve) in pH 2 medium
(0.5m Li2SO4/H


+). The working electrode was glassy carbon and the ref-
erence electrode was SCE. The scan rate was 10 mVs�1. For further de-
tails, see text.
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transfer and fairly fast kinetics is a necessary condition for
reactions that require multiple electron transfers carried to
completion and high efficiency. Secondly, the proximity of
the FeIII and WVI waves of 1 can bring about beneficial ef-
fects.


To our knowledge, 1 constitutes the first example of
multi-iron-containing POMs with such a small separation
between the FeIII and the first W waves. The benefit of this
property was demonstrated in the electrocatalytic reduction
of nitrite by FeIII-monosubstituted Wells–Dawson-type tung-
states or molybdates.[17] Further examples were encountered
in the electrocatalytic reduction of dioxygen and nitrogen
oxides by Cu2+-substituted tungstomolybdates.[18]


Electrocatalytic behaviour of 1 towards NOx : The electroca-
talytic reduction of nitrate remains a challenge in the NOx


series because very few POMs are active in such electrocata-
lytic reduction.[19] The positive results observed with 1 are
described in the Supporting Information. An exciting obser-
vation is described in the following.


Reversible binding of NO to 1: The interest in NO has
grown considerably ever since its important role in biology,
environment and industry was unveiled.


Very recently, we have demonstrated by CV that the fol-
lowing two POMs, [CoACHTUNGTRENNUNG(H2O)2{(B-b-SiW9O33(OH))(b-Si-
W8O29(OH)2)Co3H2O)}2]


20�[19b] and [{Sn ACHTUNGTRENNUNG(CH3)2ACHTUNGTRENNUNG(H2O)}24{Sn-
ACHTUNGTRENNUNG(CH3)2}12ACHTUNGTRENNUNG(A-PW9O34)12]


36�,[19c] interact reversibly with NO or
related species. A similar, but much weaker interaction was
detected for the plenary Wells–Dawson type tungstophos-
phate [P2W18O62]


6� and the plenary Keggin type tungstosili-
cate [SiW12O40]


4�. These observations suggest that the com-
bination of large POM size and/or incorporation of CoII or
diorganotin moieties favours interaction with NO, followed
by efficient electrocatalytic reduction of NO.[19b,c]


With this prior knowledge in mind, we decided to study
the interaction of 1 with NO, hoping for an associated cata-
lytic activity of the polyanion towards the reduction of NO.
For these experiments solutions of 1 at pH 1 were saturated
in an alternating fashion with argon and NO, respectively.
The main observations are illustrated in Figure 5; the poten-
tial domain is restricted to that of the composite wave re-
corded on a solution of 1 saturated with argon; it is com-
posed of the FeIII reduction wave and the first WVI reduction
wave of 1. In the presence of NO an important catalytic cur-
rent is observed that sets in at a more positive potential
than that of the composite wave of 1. In addition, the inten-
sity of this catalytic wave increases strongly with time (Fig-
ure 5A). The cell was checked for leakage as explained in
the Experimental Section.


An analogous behaviour is observed for P8W48 in the
presence of NO (Figure S3 in the Supporting Information),
albeit with a roughly seven times weaker intensity than for 1
(Figure S4). However, this example permits to highlight de-
tails of the catalytic current. Figure 5B shows in superposi-
tion this catalytic process with its current scaled down to
make its peak current match that observed in the presence


of argon. Three closely spaced waves can be distinguished,
with the peak potential of the first one located roughly
0.1 V positive of the first wave of P8W48. In short, this posi-
tive wave should be associated with a complex between NO
and P8W48. The same kind of complex is probably also pres-
ent for 1, but obscured by the FeIII-wave, thus leaving only
the overall positive shift of the catalytic wave. It must be
noted that such shift is larger for 1 than for P8W48. We
found that NO can be eliminated by bubbling argon through
the solutions and then voltammograms virtually identical to
the original ones are restored for 1 and P8W48.


Together, these observations indicate a reversible interac-
tion between NO and 1 or P8W48, followed by electrocatalyt-
ic reduction of NO.


Magnetic susceptibility and EPR studies : The molar mag-
netic susceptibility (cm) and cmT of LiK-1 as a function of
temperature, T, are displayed in Figure 6. The observed


Figure 5. A) Cyclic voltammograms of 4Y10�5m 1 at pH 1 in the presence
of NO. The CVs are restricted to the potential domain of the composite
wave recorded on a solution saturated with argon and comprising the
FeIII reduction wave and the first WVI-reduction wave of 1, and at several
time intervals after saturation with NO ([NO]=1 to 2 mm). The working
electrode was glassy carbon and the reference electrode was SCE. The
scan rate was 2 mVs�1. For further details, see text. B) Cyclic voltammo-
grams of 4Y10�5m P8W48 at pH 1 saturated with argon or with NO, re-
spectively. The current in the presence of NO was scaled down to make
its peak current match that observed in the presence of argon. The work-
ing electrode was glassy carbon and the reference electrode was SCE.
The scan rate was 2 mVs�1. For further details, see text.
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room-temperature cmT value of 21.9 emuKmol, when com-
pared with that expected (70 emuKmol) for 16 non-interact-
ing FeIII (S=5/2, g=2) ions, indicates that antiferromagnetic
interactions play a dominant role in the title polyanion 1. At
1.8 K, a cmT value of 3.3 emuKmol�1 suggests that the
ground state is ST=2 (expected is 3 emuKmol�1 with g=2).


The highly symmetrical {Fe16(OH)28 ACHTUNGTRENNUNG(H2O)4}
20+ magnetic


cluster incorporated in 1 is composed of 16 equivalent FeIII


centres (see Figure 2). There are three types of Fe-O-Fe
bridges (see Figure 3) that require three exchange coupling
constants J1 (e.g., Fe1-O1Fe-Fe3(i)), J2 (e.g., Fe1-O14F/
O14G-Fe4) and J3 (e.g., Fe2-O24F-Fe4) and the interplay
between them determines the ground state of LiK-1. The
presence of 163112472594 spin states with a total spin ST


ranging from 0 to 40 renders the detailed analysis of the
magnetic susceptibility data of LiK-1 complicated and is
beyond the scope of the present study. However, a compari-
son of the Fe�O bond lengths and Fe-O-Fe bond angles of 1
with the literature values for m2-hydroxo-bridged FeIII


dimers and oligomers suggests that the magnitudes of J1, J2
and J3 should be in the range of 20–25 cm�1.[20,21] We hy-
pothesise that the exchange couplings might be very similar
in magnitude resulting in closely spaced spin levels and
therefore the ground-state ST=2 assignment can only be
tentative. Although the absence of a plateau at around
3.3 emuKmol�1 in the cT profile supports our hypothesis,
susceptibility measurements below 1.8 K are needed for con-
firmation.


Magnetisation (M/Nb) versus field H for LiK-1 at various
temperatures is plotted in Figure 7. At 1.8 K, as the field in-
creases from 0 to 7 T, M/Nb tends to reach 4, as expected
for an S=2 spin system with g=2. The decrease in magneti-
sation as the temperature increases from 1.8 to 20 K could
be due to the expected H/T dependence of the magnetisa-
tion.[22]


In a further attempt to understand the magnetism of poly-
anion 1, electron paramagnetic resonance (EPR) spectra
were collected for various frequencies (9.65–319.2 GHz) and
temperatures (5–300 K) for a powder sample of LiK-1. Only
one broad peak (DHpp=70�3 mT) at g=2.002�0.001 is ob-


served at room temperature for all experimental frequencies
(see Figure 8). This is reminiscent of our earlier results on
the hexa-FeII-substituted Keggin dimer [Fe(OH)3(A-a-
GeW9O34(OH)3)2]


11�.[23] Figure 9 shows some typical X-band


(~9.65 GHz) and ~319 GHz spectra at a few temperatures.
At least three features are evident: 1) a strong decrease in
the signal intensity with decreasing temperatures, 2) signal
broadening with decreasing temperatures and 3) absence of
any additional splitting of the main peak. The intensity de-
crease is consistent with a similar trend in the magnetic sus-
ceptibility (Figure 6), and can thus be attributed to the pop-
ulation of states with smaller ST values at lower tempera-
tures. On the other hand, signal broadening could be due to
dipolar broadening and/or shorter relaxation times. The lack
of any fine structure at all frequencies and temperatures
studied renders it meaningless to derive any conclusions
about the single-ion anisotropy of the overall ST value. The
low temperature g~4.3 peak observed at X-band (indicated
by * in Figure 9 top) is a FeIII impurity signal from the


Figure 6. Magnetic susceptibility plotted as cm (*), cmT (&) versus T for
LiK-1 powder. Figure 7. Magnetisation (M/Nb) as a function of field for LiK-1 powder


plotted for various temperatures.


Figure 8. Room-temperature powder EPR spectra of LiK-1 for 9.65, 100
and 319.2 GHz, respectively. Only one broad peak at g=2.002 is ob-
served for all experimental frequencies.
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sample. Finally, the small remnant signal observed at
319.2 GHz (see Figure 9 bottom) is attributed to a minor g~
2 impurity in the system and is not considered significant to
the overall focus of the present study.


Conclusion


We have prepared the 16-FeIII containing 48-tungsto-8-phos-
phate [P8W48O184Fe16(OH)28 ACHTUNGTRENNUNG(H2O)4]


20� (1) as the mixed
cation salts Li4K16[P8W48O184Fe16(OH)28 ACHTUNGTRENNUNG(H2O)4]·66H2O·2 KCl
(LiK-1) and Na9K11[P8W48O184Fe16(OH)28 ACHTUNGTRENNUNG(H2O)4]·100H2O
(NaK-1). Polyanion 1 contains 16 edge- and corner-sharing
FeO6 octahedra in the form of a cyclic, unprecedented
{Fe16(OH)28 ACHTUNGTRENNUNG(H2O)4}


20+ iron–hydroxo–aqua nanocluster,
grafted on the inner surface of the crown-shaped
[H7P8W48O184]


33� (P8W48) precursor. The synthesis of 1 was
accomplished by reaction of hydrate complexes of FeII (in
presence of O2), Fe


III and [Fe3OACHTUNGTRENNUNG(CH3COO)6 ACHTUNGTRENNUNG(H2O)3]
+ with


P8W48 in aqueous, acidic medium (pH �4).
Besides the unprecedented {Fe16(OH)28ACHTUNGTRENNUNG(H2O)4}


20+ iron–
hydroxo–aqua nanocluster, the central (empty) cavity of the
polyanion 1 has another highly interesting feature. Access of
an oxidant/substrate to the “iron active site” is easily possi-
ble and therefore 1 is very attractive for catalytic applica-


tions. In fact, initial oxidation catalysis studies with air–
oxygen as oxidant are highly promising.[11]


Furthermore, it is very likely that the cavity in 1 can be
filled with additional metal centres, for example, those dif-
ferent from iron ACHTUNGTRENNUNG(III). We are currently engaged in the pro-
cess of preparing mixed-metal derivatives of 1 (e.g., “Fe16�x-
ACHTUNGTRENNUNGMxP8W48”) with one or more of the iron centres substituted
by other transition-metal ions (e.g. MnII, CoII, ZnII). Such
derivatives could lead to interesting magnetic as well as cat-
alytic properties.[24]


The electrochemistry of 1 is characterised by a single 16-
electron Fe-wave featuring the simultaneous reduction of all
the FeIII centres, in full agreement with their structural
equivalence. This wave could not be split into distinct steps
whatever the potential scan rate from 2 to 1000 mVs�1. Its
potential location is very close to that of the first WVI wave
of the lacunary precursor P8W48. Polyanion 1 shows efficient
electrocatalytic properties regarding the reduction of NOx,
including nitrate. In addition, a remarkable reversible inter-
action between 1 and NO is observed. Such an interaction
might justify investigating the biomimetic properties of this
new POM.


The magnetic characterisation of LiK-1 indicates that the
ground state is made up of spin ST=2, based on the data at
1.8 K. Even though we are unable to provide a quantitative
estimate of the exchange interactions J1, J2 and J3 we hy-
pothesise that J1�J2�J3 and the observed ST=2 could be
regarded as a tentative ground state of 1. Additional meas-
urements in the low-temperature range (<1.8 K) are needed
to ascertain this prediction.


The study of a reaction of a solution of P8W48 with metal
cations offers the possibility to obtain basic information
about principles of directed assembly processes under geo-
metrically confined conditions. This can also lead, as in the
present case, to cationic nanoclusters not obtainable under
bulk conditions (see also reference [9]). One specific reac-
tion described here refers to the “uptake of iron” under oxi-
dative conditions and “release” under reducing conditions
(the related simple reactions can be done under different re-
ducing conditions) thereby mimicking the process occurring
in the cavity of the protein ferritin. In this context one may
also think about the option to study in a nanocavity the im-
portant reaction steps occurring during the reduction of O2


with FeII, leading to O2
� and OH·[4a] even under simple


“single-molecule type” conditions.


Experimental Section


Synthesis : The precursor salt K28Li5[H7P8W48O184]·92H2O was synthesised
according to the published procedure of Contant[25] and the purity was
confirmed by infrared spectroscopy. All other reagents were used as pur-
chased without further purification.


Li4K16[P8W48O184Fe16(OH)28ACHTUNGTRENNUNG(H2O)4]·66H2O·2 KCl (LiK-1)


Method 1 (Bremen): A sample of K28Li5[H7P8W48O184]·92H2O (0.370 g,
0.025 mmol) was dissolved in LiCH3COO/CH3COOH buffer (0.5m,
20 mL) at pH 4.0. Then FeCl3·6H2O (0.169 g, 0.625 mmol) was added and
after complete dissolution, 30% H2O2 (10–20 drops) was added. Then


Figure 9. Temperature dependence of EPR spectra on LiK-1 powder at
~9.65 GHz (top) and 319.2 GHz (bottom). The steady decrease of the
signal intensity with decreasing temperature indicates the presence of ex-
cited states. The peak indicated by “*” at ~0.16 T in the top spectra is
from a FeIII impurity in the sample.
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the solution was heated to 80 8C for 1 h and filtered while hot. After cool-
ing to room temperature the filtrate was layered with around of KCl
(1m, 1 mL) solution. Slow evaporation in an open beaker at room tem-
perature resulted in dark yellowish crystals after about one week. Evapo-
ration was allowed to continue until the solution level had almost ap-
proached the solid product LiK-1, which was then collected by filtration,
washed with cold water and air dried. Yield: 0.083 g (22%). IR: ñ=1119
(sh), 1064 (s), 1019 (m; all nas ACHTUNGTRENNUNG(P-O)), 951 (s), 927 (s, n ACHTUNGTRENNUNG(W=O)), 793 (s),
752 (s), 687 (s), 647 (sh) (nas ACHTUNGTRENNUNG(W-O-W)), 559 (w), 526 (w), 473 cm�1 (w);
elemental analysis calcd (%) for LiK-1: Li 0.18, K 4.56, Fe 5.78, W 57.1,
P 1.60, Cl 0.46; found: Li 0.24, K 4.73, Fe 5.35, W 58.1, P 1.60, Cl 0.28.
The degree of hydration of LiK-1 was determined by TGA (see Fig-
ure S5). Elemental analysis was performed by Mikroanalytisches Labor
Egmont Pascher, An der PulvermMhle 3, 53424 Remagen, Germany.


Method 2 (Bremen): A sample of K28Li5[H7P8W48O184]·92H2O (0.185 g,
0.0125 mmol) was dissolved in LiCH3COO/CH3COOH buffer (0.5m,
20 mL) at pH 4.0. Then Fe ACHTUNGTRENNUNG(ClO4)3·xH2O (0.0974 g, 0.275 mmol) was
added and the solution was heated to 80 8C for 1 h and filtered while hot.
The following steps were identical to those of Method 1. The identity of
LiK-1 (isolated in very low yield, <10%) was established by XRD and
IR.


Method 3 (Bremen): A sample of K28Li5[H7P8W48O184]·92H2O (0.185 g,
0.0125 mmol) was dissolved in LiCH3COO/CH3COOH buffer (0.5m,
20 mL) at pH 4.0. Then FeSO4·7H2O (0.0868 g, 0.313 mmol) was added
and after complete dissolution, 30% H2O2 (10–20 drops) was added. The
colour of the solution changed to yellow. Then the solution was heated to
80 8C for 1 h and filtered while hot. The following steps were identical to
those of Method 1. The identity of LiK-1 (isolated in very low yield,
<10%) was established by XRD and IR.


Na9K11[P8W48O184Fe16(OH)28ACHTUNGTRENNUNG(H2O)4]·100H2O (NaK-1)


Method 4 (Bielefeld): K28Li5[H7P8W48O184]·92H2O (0.67 g, 0.046 mmol)
was dissolved in NaCH3COO/CH3COOH buffer (1m, 30 mL, pH 4.2).
After [Fe3O ACHTUNGTRENNUNG(CH3COO)6 ACHTUNGTRENNUNG(H2O)3]Cl·H2O {Fe3Ac6} (0.2 g, 0.31 mmol) was
added, the solution was heated to 60 8C for 30 h and filtered after cooling
it to room temperature. Slow evaporation in an open Erlenmeyer flask at
room temperature resulted in the precipitation of dark yellowish crystals
that were filtered off after 3 days; these crystals were washed with a
small amount of cold water and dried in air. Yield: 0.09 g, 13% (based
on P8W48); elemental analysis calcd (%) for NaK-1: Na 1.30, K 2.71;
found: Na 1.3, K 2.8. The identity of NaK-1 was established by elemental
analysis (in part done by Mikroanalytisches Labor Egmont Pascher, see
above), IR spectroscopy and complete single-crystal X-ray structure anal-
ysis.


Method 5 (Bielefeld): K28Li5[H7P8W48O184]·92H2O (0.35 g, 0.024 mmol)
was dissolved in NaCH3COO/CH3COOH buffer (1m, 20 mL, pH 4.2).
After FeCl2·4H2O (0.1 g, 0.5 mmol) was added, the resulting solution was
heated to 65 8C for 12 h and filtered after cooling to room temperature.
Slow evaporation in an open Erlenmeyer flask at room temperature re-
sulted in the precipitation of dark yellowish crystals that were filtered off
after 7 days; these crystals were washed with a small amount of cold
water and dried in air. Yield: 0.03 g, 8%; elemental analysis calcd (%)
for NaK-1: Na 1.30, K 2.71; found: Na 1.3, K 2.8. The identity of NaK-1
was established by elemental analysis, XRD and IR spectroscopy.


X-ray crystallography


Crystal data for Li4K16[P8W48O184Fe16(OH)28ACHTUNGTRENNUNG(H2O)4]·66H2O·2 KCl (LiK-
1): A yellow crystal of LiK-1 with dimensions 0.06Y0.12Y0.33 mm3 was
mounted in oil on a Hampton cryoloop for indexing and intensity data
collection at 173 K on a Bruker D8 APEX II CCD single-crystal diffrac-
tometer with MoKa radiation (l =0.71073 5). Of the 335706 reflections
collected (2qmax=52.88, 99.7% complete), 14333 were unique (Rint=


0.153) and 10468 reflections were considered observed [I>2s(I)]. The
data were processed using SAINT (from Bruker AXS) and an absorption
correction was performed using the SADABS program (G. M. Sheldrick,
Bruker AXS). Direct methods were used to locate the tungsten atoms
(SHELXS-97), and the remaining atoms were found from successive
Fourier maps (SHELXL-97). No H or Li atoms were located. The final
cycles of refinement on F2 over all data included the atomic coordinates,
anisotropic thermal parameters (W, Fe, P, Cl and non-disordered K


atoms) and isotropic thermal parameters (O and disordered K atoms),
converging to R=0.059 [I>2s(I)] and Rw=0.183 (all data). In the final
difference map the deepest hole was �3.48 e5�3 (0.94 5 from W5) and
the highest peak 4.20 e5�3 (0.73 5 from K4). The crystallographic data
are provided in Table 1.


Crystal data for Na9K11[P8W48O184 Fe16(OH)28ACHTUNGTRENNUNG(H2O)4]·100H2O (NaK-1):
A yellow crystal of NaK-1 with dimensions 0.06Y0.1Y0.1 mm3 was re-
moved from the mother liquor and immediately cooled to 183(2) K on a
Bruker AXS SMART diffractometer (three-circle goniometer with 1 K
CCD detector, MoKa radiation, graphite monochromator; hemisphere
data collection in w at 0.38 scan width in three runs with 606, 435 and 230
frames (f =0, 88 and 1808) at a detector distance of 5 cm). A total of
78576 reflections (1.48<V<27.058) were collected of which 29084 re-
flections were unique (Rint=0.1127). An empirical absorption correction
using equivalent reflections was performed with the program SADABS
2.03. The structure was solved with the program SHELXS-97 and refined
using SHELXL-97 to R=0.1088 for 14786 reflections with I>2s(I), R=


0.1935 for all reflections; max/min residual electron density 5.573 and
�2.272 e5�3. (SHELXS/L, SADABS from G. M. Sheldrick, University of
Gçttingen 1997/2003; structure graphics with DIAMOND 2.1 from
K.Brandenburg, Crystal Impact GbR, 2001.)


Further details of the crystal structure investigations may be obtained
from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leo-
poldshafen, Germany (Fax: (+49)7247-808-666; e-mail :
crysdata@fiz-karlsruhe.de) on quoting the depository number CSD-
418194 (LiK-1) and CSD-418527 (NaK-1).


UV/Vis spectroscopy: Pure water was used as solvent throughout, which
was obtained by passing through a RiOs 8 unit followed by a Millipore-Q
Academic purification set. All reagents were of high-purity grade and
were used as purchased without further purification. The UV/Vis spectra
were recorded on a Perkin–Elmer Lambda 19 spectrophotometer on
1.6Y10�5m solutions of LiK-1. Matched 1.000 cm optical path quartz cuv-
ettes were used. The following media proved useful for the present
study: 0.5m H2SO4 pH 0.30; 1m LiCl/HCl, pH 1 to 3; 1m CH3CO2Li/
CH3CO2H, pH 5 to 7.


Electrochemical experiments : The solutions were deaerated thoroughly
for at least 30 min with pure argon and kept under a positive pressure of
this gas during the experiments. NO was introduced in an oxygen-free
electrochemical cell through a catheter connected to a sealed purging
system previously filled with argon, which excluded oxygen and allowed


Table 1. Crystal data and structure refinement for Li4K16-
ACHTUNGTRENNUNG[P8W48O184Fe16(OH)28 ACHTUNGTRENNUNG(H2O)4]·66H2O·2 KCl (LiK-1) and Na9K11-
ACHTUNGTRENNUNG[P8W48O184Fe16(OH)28 ACHTUNGTRENNUNG(H2O)4]·100H2O (NaK-1).


LiK-1 NaK-1


formula H164Cl2Fe16K18


Li8O282P8W48


H236Fe16K11Na9
O316P8W48


Mr (gmol�1) 15473.7 15897.1
crystal system orthorhombic monoclinic
space group (No.) Pnnm (58) C2/c (15)
a [5] 36.3777(9) 46.5522(4)
b [5] 13.9708(3) 20.8239(18)
c [5] 26.9140(7) 27.8261(2)
V [53] 13678.4(6) 26765.34(4)
Z 2 4
T [8C] �73 �90
1calcd [Mgm�3] 3.76 3.945
m [mm�1] 21.37 21.74
max/min transmission 0.381/0.128 0.355/0.220
data/parameters 14333/492 29084/1584
goodness-of-fit on F2 1.02 1.08
R [I>2s(I)][a] 0.059 0.109
Rw (all data)[b] 0.183 0.303


[a] R=� jFo j� jFc j / j�Fo j . [b] Rw= [�w(F2
o�F2


c)
2/�w(F2


o)
2]1/2.
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contaminants such as NOx to be scavenged in 9m KOH. NO was bubbled
through the electrolyte in the electrochemical cell for 30 min, resulting in
a NO-saturated solution (1–2 mm). The electrochemical cell was checked
for leaks in the following way: solutions saturated with NO were kept for
several hours and used for electrocatalytic reduction of this substrate;
after removing NO by bubbling pure argon, no electroactivity of NO or a
related species could be detected in the potential range from +0.920 V
to �0.730 V at pH 1.


The source, mounting and polishing of the glassy carbon (GC) electrodes
have been described previously.[26] The glassy carbon samples had a diam-
eter of 3 mm. The electrochemical set-up was an EG & G 273 A driven
by a PC with the M270 software. Potentials are quoted against a saturat-
ed calomel electrode (SCE). The counter electrode was a platinum gauze
of large surface area. All experiments were performed at room tempera-
ture.


Magnetic measurements : Magnetic susceptibility and magnetisation
measurements were carried out on powder samples of LiK-1 using a
Quantum Design MPMS SQUID magnetometer in the temperature
range of 1.8–300 K and field range of 0–7 T. The data were corrected for
the sample holder, TIP of Fe3+ , W6+ ions, and molecular diamagnetism
which was estimated from Klemm constants.[27]


EPR measurements : Polycrystalline powder EPR spectra of LiK-1 were
recorded at frequencies ranging from 9.64 to 320 GHz at the high-field
electron magnetic resonance facility at the National High Magnetic Field
Laboratory in Tallahassee, FL, as described elsewhere.[28] Temperature
variation was carried out from room temperature to 5 K. An Oxford In-
struments Teslatron superconducting magnet sweepable between 0 and
17 T was used to apply the Zeeman field. In all experiments the modula-
tion amplitudes and microwave power were adjusted for optimal signal
intensity and resolution.
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Huge Deuterated Effect on Permittivity in a Metal–Organic Framework


Hong Zhao,[a] Qiong Ye,*[a] Zhi-Rong Qu,[a] Da-Wei Fu,[a] Ren-Gen Xiong,*[a]


Songping D. Huang,[b] and Philip Wai Hong Chan[c]


A striking common feature of all ferroelectric and permit-
tivity H-bonded pure organic and inorganic compounds is
undoubtedly the huge isotope effect observed upon deutera-
tion.[1] A notable example in pure inorganic compounds is
KD2PO4 (DKDP) which has been shown to exhibit satura-
tion spontaneous polarization Ps and permittivity (e1) values
of �24% and 80%, respectively, higher than those for KDP
(KH2PO4).


[2] Huge isotope effects have also been reported
for pure organic systems, and notable examples in this area
have included works by the groups of Horiuchi[3] and Suga-


wara[4] who showed that a temperature increase of 508C in
samples of phenylsquaric acid (both the protonated Phz-
H2ca; Phz=phenazine, H2ca=bromanilic acid and deuterat-
ed Phz-D2ca) could produce a significant observed increase
in the dielectric deuterated effect (DEF) from 8 to 18 times,
respectively. Such giant effects were first explained by a
quantum tunneling model that postulated that individual
protons had the ability to tunnel between wells in single-
proton double wells. In view of the fact protons are more
delocalized than deuterons, it was suggested that this made
the onset of the disordered paraelectric phase more favora-
ble.[2] As a consequence, DEF has become an attractive and
convenient strategy to enhance the physical properties of
materials associated with noncentrosymmetric space groups,
such as second-harmonic generation (SHG), ferroelectricity,
and permittivity (ferroelectric relaxation). To our knowl-
edge, however, studies on DEF in metal-organic framework
(MOF) systems have remained rare, which is surprising
since such materials can potentially mimic the useful proper-
ties found in both organic and inorganic compounds. Recent
works have demonstrated MOFs to be useful materials in
numerous applications that include gaseous storage, cataly-
sis, separation, and molecular recognition.[5] In this context


Abstract: Colorless block crystals of
MOF (metal-organic framework) 1 and
2 were prepared in respective yields of
65 and 60% by thermal treatment of
HQA (HQA=6-methoxyl-(8S,9R)-cin-
chonan-9-ol-3-carboxylic acid) with
ZnBr2 in either H2O or D2O and 2-bu-
tanol at 70 8C for 1–2 days. The MOFs
1 and 2 are isostructural, one-dimen-
sional chains in which the local coordi-
nation geometry around the Zn center
can be best described as a slightly dis-
torted tetrahedron defined by two bro-
mine atoms, one nitrogen atom of
quinoline from HQA, and an oxygen
atom of carboxylate from HQA. The


nitrogen atom of the quinuclidine of
HQA is protonated in a zwitterionic
form. The MOFs 1 and 2 crystallize in
a polar point group (C2, space group
P21) which belongs to ferroelectric
active compounds. MOFs 1 and 2 dis-
play both ferroelectric behavior and
large dielectric constants. Interestingly,
at low frequency range the dielectric
response to water can achieve an ap-
proximate increase of more than


600%. Crystal parameters: 1:
C20H28Br2NO7Zn, M=619.62, mono-
clinic, P21, a=9.5711(8), b=


12.0486(10), c=11.1972(9) B, a=g=


90, b=98.4(2)8, V=1277.39(18) B3,
Z=2, 1cald=1.611mgm�3, R1=0.0499,
wR2=0.0982, m=4.126 mm�1, S=1.015,
Flack value=0.032(13); 2 :
C20H22D6Br2NO7Zn, M=625.66, mono-
clinic, P21, a=9.5650(9), b=


12.0392(11), c=11.1973(10) B, a =g=


90, b=98.44(2)8, V=1275.5(2) B3, Z=


2, 1cald=1.629mgm�3, R1=0.0543,
wR2=0.1072, m=4.133 mm�1, S=1.056,
Flack value=0.025(17).
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and as part of an ongoing program in our laboratory to ex-
plore the scope of homochiral MOFs as SHG, ferroelectric,
and dielectric materials.[6] We report herein the synthesis,
crystal structure, SHG response, ferroelectricity, and dielec-
tric properties of 1D homochiral MOFs [Zn ACHTUNGTRENNUNG(HQA)Br2-
ACHTUNGTRENNUNG(H2O)3]n (1: HQA=6-methoxyl-(8S,9R)-cinchonan-9-ol-3-
carboxylic acid[7]) and [Zn ACHTUNGTRENNUNG(HQA)Br2 (D2O)3]n (2). The nota-
ble features of these novel MOF systems are: 1) both 1 and
2 crystallize in chiral space group P21 (point group: C2)
which belongs to one of the 10 polar point groups (C1, Cs,
C2, C2v, C3, C3v, C4, C4v, C6, C6v) associated with SHG re-
sponse and ferroelectricity, and 2) detection of a huge DEF
(�625% increase) on permittivity (e1) following deuterium
substitution (from 1 to 2) which, to our knowledge, has not
been previously reported for MOF systems.


Colorless block crystals of MOFs 1 and 2 were prepared
in respective yields of 65 and 60% by thermal treatment of
HQA with ZnBr2 in either H2O or D2O and 2-butanol at
70 8C for 1–2 days, as shown in Scheme 1. The evidence for


product formation was based on elemental analyses and IR
spectroscopic measurements. The IR revealed a strong peak
at ñ=1621 cm�1 and two medium peaks at ñ=1470 and
1394 cm�1, which can be attributed to the ñ(CO) stretch of
the carboxylate group. A broad peak at ñ=3455 cm�1 for 1
and a weak peak at ñ=2440 cm�1 (see Supporting Informa-
tion) for 2 suggests the presence of H2O and D2O molecules
in these MOF systems, and that the N atom of the quinucli-
dine ring is protonated. This in turn implies that the HQA
ligand exists in its zwitterionic form in 1 and 2, which is not
be surprising given that the ligand is a b-amino acid. In this
context, it might be expected that the 6-methoxyquinoline
ligand would be a good donor–acceptor (pyridyl group as
acceptor) system, which is an essential feature for SHG re-
sponse. The HQA ligand can be considered to be charge
separated and a good donor–acceptor chromophore (see
Scheme 1).


X-ray single crystal structural determination[13] of 1 re-
veals that the local coordination geometry around the Zn
center can be best described as a slightly distorted tetrahe-
dron composed of two terminal Br� ions, an oxygen atom
from the carboxylate group, and a nitrogen atom from the
quinoline ring (Figure 1, top).[8] Each HQA can be consid-
ered as a bidentate spacer that links two Zn centers together
to furnish a 1D wave-like chain (Figure 1, bottom). The di-
polar moment (m1, pink arrow) along each chain can be con-


sidered with the negative and positive charges sitting on the
oxygen atom of carboxylate group and N atom of quinucli-
dine ring, or N1 and Zn atoms respectively, and a small di-
polar moment (dark arrow) between these atoms. This
means that each chain dipolar moment (m1 and m2) is always
moving in the same direction, thus strengthening the total
dipolar moment (m, yellow arrow) within the chains and,
therefore, cannot be cancelled. The presence of numerous
H-bonding interactions (see Supporting Information) in 1
results in the formation of a H-bonded 3D framework
(Figure 2). MOFs 1 and 2 are also isostructural with respect
to each other.


In this work, the SHG response of 1 and 2 were examined
since both MOFs crystallized in the chiral space group P21,
as mentioned earlier. Owing to the absence of absorption
peaks beyond l=350 nm in the UV-vis spectra of 1 and 2,
and phase-matchability (see Supporting Information), our
preliminary findings reveal that the respective estimated
SHG responses for 1 and 2 are 18 and 22 times larger than
that for KDP. The difference in the approximate estimations
in our MOF systems indicates that there is a slight DEF on
SHG response observed in our experiment. We attribute the


Scheme 1.


Figure 1. The asymmetric unit representation of 1 and 2 in which the
local coordination geometry around Zn center is described as a slightly
distorted tetrahedron (top). Two chains representation of 1 and 2, in
which each chain dipolar moment (m1 and m2, pink arrows) are in the
same direction and strengthening of the total dipolar moment (m), which
cannot be cancelled (bottom).
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strong SHG response to be due to the presence of the zwit-
terionic moiety, the inclusion of which is a strategy common-
ly employed to enhance nonlinear optical properties.[9]


As depicted in Figure 3 (top), pellets of powdered sam-
ples of 1 and 2 clearly show that both MOFs exhibit typical
ferroelectric behavior (hysteresis loop, ferroelectric meas-
urements on single crystals of 1 and 2 further confirm that
both MOF do indeed display ferroelectric properties (see
Figures S4-1 in the Supporting Information), and display a
remnant polarization (Pr) of �0.16 mCcm�2 for 1 and
0.17 mCcm�2 for 2. Saturation of the spontaneous polariza-
tions (Ps) in 1 and 2 occur at �0.30 and 0.34 mCcm�2, re-
spectively, which are slightly larger than that for a typical
ferroelectric compound (e.g. NaKC4H4O6·4H2O, Rochelle
salt; usually Ps=0.25 mCcm�2), but significantly smaller than
that found in KDP (�5 mCcm�2). This suggests that there is
a slight ferroelectric DEF (with an increase in the Ps value
of 13%) [(0.34–0.30)/0.30] detected on going from 1 to 2.
However, by assuming one dipole in the unit cell (Z=2)
contains two DA pairs (the density of dipoles, N1 =Z/Vcell=


1.5657M1027 m�3 for 1) it should be noted that the cubic
moment ms=Ps/N1 =1.916M10�30 Cm �0.57 Debye (calcu-
lated from the saturated polarization Ps= 0.30 mCcm�2 at
298 K, derived by extrapolation of the hysteresis loops plot-
ted in Figure 3, top). Similarly, N2 is equal to Z/Vcell=1.568M


1027 m�3 for 2 and ms is equal to Ps/N2 =2.168M10�30 Cm
�0.65 Debye, which is slightly larger than that of 1 and
thus, supports the view that the SHG response of 1 is slight-
ly weaker than that of 2.


The temperature dependence of the ac dielectric permit-
tivity of powdered samples of hydrated 1 and deuterated 2
in the form of pellets were measured on an HP4191A Ana-
lyzer over the temperature and frequency range of 77–373 K
and 100 Hz to 1 MHz, respectively (Figure 3, bottom). The
permittivity (e1) (e=e1�ie2) of 1 reaches a maximum value
of 4.5M105 at a temperature of �317 K, while the permittivi-
ty of 2 reaches a maximum value of 6.2M106 at �325 K.
This allows the dielectric DEF at the lowest frequency of
1 kHz to be estimated to be equal to 626%. However, the
temperature DEF is not evident with an observed increase
of only 8 K. As the frequency is increased from 103!103.5!
104!104.5!105 Hz, the dielectric DEF remains constant at
�600% of that observed for 1 (see the Supporting Informa-
tion). In addition, a continuous increase in the frequencies
results in a gradual decrease in permittivity (e1) which disap-
pears at the highest frequencies. It is noteworthy to mention
that this unusual phenomenon has not been observed in
either pure organic or inorganic compounds. In addition, a
�10-fold drop in permittivity with increasing frequencies
differs significantly to that for relaxation ferroelectric metal-
organic frameworks (sharp drop of 102). This suggests that


Figure 2. Perspective views of: The 2D framework of 1 and 2 through H-
bonding along the a-axis (top); the 3D framework of 1 and 2 through H-
bonding along the a-axis (bottom).


Figure 3. Electric hysteresis loops of powdered samples in the form of
pellets of 1 (red line) and 2 (blue line) observed by Virtual Ground
Mode in a using an RT6000 ferroelectric tester at room temperature
(top). Temperature dependence of the real parts (e1) of the dielectric re-
sponse of 1 (dark line) and 2 (red line) at 1k Hz (bottom).
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the ferroelectric behavior could be the result of the presence
of extensive H-bonding rather than relaxation ferroelectrics
or weak dipole-dipole interactions (generated by either the
zwitterionic moiety or distorted tetrahedron geometry of the
Zn complex) which results in the huge dielectric response,
and would also be in good agreement with the cubic
moment values mentioned earlier.[10] The giant dielectric
permittivity (real part; e1) response could be a result of H-
bonding generated by water or deuterated water given that
the polarity of water or deuterium oxide can significantly in-
fluence di ACHTUNGTRENNUNGelectric permittivity, particularly at low frequency.
A similar phenomenon has been previously reported by Ko-
bayashi and co-workers[6h] who disclosed that the polariza-
bility of guest molecules such as water and methanol play a
vital role in generating giant dielectric constant responses,
and a sharp increase from 5 to 20, with an increase of 300%
could be accomplished between frameworks with and with-
out guest molecules. In this work, our dielectric permittivity
measurements of 1 and 2 reveal a strong peak with e1�4.5M
105 and 6.2M106 respectively, at 320 K. In contrast, measure-
ments on the corresponding frameworks without water or
deuterium oxide showed that these peaks are replaced by a
much weaker peak with e1�2.3M102 at 300 K. While the
possibility that the DEF in water could be a result of a de-
pletion of proton probability density at the O-H-O bridge
center, weakening its proton-mediated covalent bonding.[11]


This difference in measurements would, nonetheless, further
support the hypothesis that H-bonding in water or deuteri-
um oxide is responsible for the observed giant dielectric re-
sponse (see the Supporting Information). On the other
hand, the possibility that a phase-transition is the cause for
the observed giant dielectric permittivity peak at �320 K is
thought to be unlikely, owing to the fact that the water or
deuterium oxide molecule only escapes from the framework
at their respective boiling point temperatures of 100 and
101.42 8C. In this work, we surmise that the observed phe-
nomenon to result from structural fluctuation of the 3D
framework at �50 8C that is generated through H-bonding
during partial elimination of the solvent molecules, particu-
larly given that D2O is reasoned to be the most likely cause
for the huge isotope effect observed in 1 and 2. The elimina-
tion temperatures for H2O and D2O from the crystals are
also consistent with the dielectric anomalies, which reach a
maximum at �50 8C and imply that the dielectric giant re-
sponses are probably a result of the elimination of H2O and
D2O. This is further supported by measurements on dehy-
drated MOFs, or MOFs without D2O, that revealed the
huge isotope effect to essentially disappear (Figure S9 in the
Supporting Information). It is worth highlighting that similar
behavior for the [Mn3 ACHTUNGTRENNUNG(HCOO)6ACHTUNGTRENNUNG(H2O) ACHTUNGTRENNUNG(CH3OH)] framework
has been previously reported in which dielectric anomalies
at the bulk liquid$solid transition temperature were noted
not to display structural phase-transition presumably, be-
cause such systems with a strong 1D nature generally do not
exhibiting such phase-transitions.[6h] On the other hand,
there is enhancement of the positional freedom of water (or
deuterated water) with the larger polarizability, at around


the onset temperature of weight loss in the TGA measure-
ment that results in the huge dielectric response, which is
similar to those MOFs reported by Kobayashi and co-work-
ers.[6h]


The dielectric permittivity measurements on single crystal
mode further confirms the fact that below 300 K tempera-
ture range the dielectric deuterated effect exists, reaching
10% (see Figure S10 in the Supporting Information) while
the huge dielectric anomaly, on hydrated and deuterated
MOF 1 and 2 at around 320 K, is probably a result of the
partial loss of polar water and deuterated oxide, the dielec-
tric giant response, and the deuterated effect, particularly at
the low frequency range.


At close to room temperature, the static dielectric con-
stants of 1 and 2 (frequency=0 Hz, estimated from the real
part e1 of frequency-dependent complex dielectric function
by extrapolation, the dotted line, of plots depicted in Figure
S5 and S6 in Supporting Information) are 362 and 485, re-
spectively.[12] To our knowledge, such a giant dielectric con-
stant for a MOF-based material is unprecedented.


Conclusion


In the present work, we have demonstrated that dielectric
deuterated effect (DEF) can be employed as a strategy to
enhance the second-harmonic generation (SHG) response
and ferroelectric properties of metal-organic frameworks
(MOFs). In particular, we have showed that a huge DEF on
permittivity (e1) in a MOF-based material can be accom-
plished. This class of materials provides a new impetus to
construction of novel functional MOFs with potentially
useful physical properties.


Experimental Section


Synthesis of 1: Thermal treatment of ZnBr2 (1 mmol) and HQA (6-
methoxyl-(8S,9R)-cinchonan-9-ol-3-carboxylic acid) (1 mmol) in 2-buta-
nol (1 mL) and H2O (2–3 mL) at 70 8C over 1–2 days gave beautiful col-
orless block crystals of 1 in 65% yield based on the amount of HQA con-
sumed, in which only one pure phase on the wall of the Pyrex tube was
found. IR (KBr): ñ =3454.7 ACHTUNGTRENNUNG(br, s), 3042.6(m), 2960.2(m), 2839.7(m),
2687.5(m), 1949.0(w), 1620.7(s), 1815.6(s), 1470.2(m), 1435.4(m),
1394.0(s), 1344.1(m), 1319.7(m), 1277.9(s), 1249.8(s), 1178.9(w),
1156.5(w), 1109.2(m), 1029.2(m), 986.3(w), 956.9(w), 832.7(m), 767.6(w),
650.1 cm�1(w); elemental analysis calcd (%) for C20H28Br2NO7Zn: C
38.73, H 4.52, N 2.26; found: C 38.61, H 4.39, N 2.12.


Synthesis of 2 : Following the same procedure as the synthesis of 1,
except that H2O is replaced by D2O. This afforded 2 as a colorless block
crystals in 60% yield based on the amount of HQA consumed. IR
(KBr): ñ = 3449.5 ACHTUNGTRENNUNG(br, s), 3039.4(m), 2961.5(m), 2838.8(m), 2685.8(m),
2440(w), 1947.5(w), 1620.7(s), 1818.2(s), 1470.3(m), 1433.9(m), 1394.4(s),
1344.2(m), 1319.7(m), 1277.4(s), 1249.7(s), 1180.4(w), 1136.6(w),
1107.5(m), 1029.2(m), 986.0(w), 956.8(w), 832.6(m), 767.6(w),
649.31 cm�1(w); elemental analysis calcd (%) for C20H22D6Br2NO7Zn: C
38.36, H 3.52, N 2.24; found: C 38.48, H 3.59, N 2.29.


Measurement of SHG response : Approximate estimations of the second
order nonlinear optical intensity were obtained by comparison of the re-
sults obtained from powdered samples (80–150 mm diameter) in the form
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of a pellet (Kurtz powder test[14]), with that obtained for KDP. A pulsed
Q-switched Nd:YAG laser at l=1064 nm was used to generate the SHG
signal. The backward scattered SHG light was collected using a spherical
concave mirror and passed through a filter that transmits only 532 nm ra-
diation. The SHG responses of 1 and 2 are about 18 and 22 times than
that of KDP, respectively. The estimated phase-matching results are
listed in Table 1.


Measurement of electric hysteresis loop : The ferroelectric properties of
solid state samples are measured from a powdered sample in form of a
pellet using a standard RT 6000 ferroelectric tester (Radiant Technolo-
gies, Alberquerque, USA) at room temperature, while sample was im-
merged in insulating oil, the electric hysteresis loop was observed by Vir-
tual Ground Mode (The measurement is ac, the frequency is �5–10 Hz).


Measurement of permittivity : This was conducted using an automatic im-
pedance HP4191 A Analyzer with frequencies of 100 Hz to 1 MHz.[15]


Acknowledgements


This work was supported by The Major State Basic Research Develop-
ment Program (2006CB806104), a Distinguished Young Scholar Fund to
R.-G. Xiong (No.20225103), and the National Natural Science Founda-
tion of China (NSFC). R.-G. Xiong thanks Profs. J.-M. Liu, J.-S. Zhu and
Prof. Dr. T. Akutagawa for assistance in measurement of ferroelectricity
and dielectric measurements reported in this work. Q. Ye thanks NSFC
for supporting her research (20701007). P.W.H. Chan thanks Nanyang
Technological University for funding. The authors would like to sincerely
thank the referees for their excellent comments and suggestions.


[1] K. Gesi, J. Phys. Soc. Jpn. 2002, 71, 3047.
[2] a) S. Koval, J. Kohanoff, R. L. Migoni, A. Bussmann-Holder,


Comput. Mater. Sci. 2001, 22, 87; b) S. Koval, J. Kohanoff, J. Lasave,
G. Colizzi, R. L. Migoni, Phys. Rev. B 2005, 71, 184102.


[3] a) S. Horiuchi, Y. Okimoto, R. Kumai, Y. Tokura, Science 2003, 299,
229; b) S. Horiuchi, R. Kumai, Y. Tokura, J. Am. Chem. Soc. 2005,
127, 5010; c) S. Horiuchi, R. Kumai, Y. Okimoto, J. Am. Chem. Soc.
1999, 121, 6757; d) S. Horiuchi, F. Ishii, R. Kumai, Y. Okimoto, H.
Tachibana, N. Nagaosa, Y. Tokura, Nat. Mater. 2005, 4, 163.


[4] I. Takasu, A. Izuka, T. Sugawara, T. Mochida, J. Phys. Chem. B
2004, 108, 5527.


[5] a) S. R. Batten, R. Robson, Angew. Chem. 1998, 110, 1558; Angew.
Chem. Int. Ed. 1998, 37, 1460; b) M. A. Witherby, A. J. Blake, N. R.
Champness, P. A. Cooke, P. Hubberstey, M. Schroeder, J. Am.
Chem. Soc. 2000, 122, 4044; c) C. J. Kepert, T. J. Prior, M. J. Rossein-
sky, J. Am. Chem. Soc. 2000, 122, 5158; d) M. Eddaoudi, D. B.
Moler, H. L. Li, B. L. Chen, T. M. Reineke, M. OPKeeffe, O. M.
Yaghi, Acc. Chem. Res. 2001, 34, 319; e) B. Moulton, M. J. Zaworot-
ko, Chem. Rev. 2001, 101, 1629; f) O. R. Evans, W. Lin, Acc. Chem.
Res. 2002, 35, 511; g) L. Carlucci, G. Ciani, D. M. Proserpio, S. Riz-
zato, Chem. Eur. J. 2002, 8, 1520; h) R. Kitaura, K. Seki, G. Akiya-
ma, S. Kitagawa, Angew. Chem. 2003, 115, 444; Angew. Chem. Int.
Ed. 2003, 42, 428; i) C. Janiak, Dalton Trans. 2003, 2781.


[6] For SHG response in MOFs, see: a) R.-G. Xiong, X. Xue, H. Zhao,
X.-Z. You, B. F. Abrahams, Z. Xue, Angew. Chem. 2002, 114, 3954;
Angew. Chem. Int. Ed. 2002, 41, 3800; b) L.-Z. Wang, Z.-R. Qu, H.
Zhao, X.-S. Wang, R.-G. Xiong, Z. Xue, Inorg. Chem. 2003, 42,
3969; c) X.-S. Wang, Y.-Z. Tang, X.-F. Huang, Z.-R. Qu, C.-M. Che,


P. W. H. Chan, R.-G. Xiong, Inorg. Chem. 2005, 44, 5278; d) Q. Ye,
Y.-H. Li, Y.-M. Song, X.-F. Huang, R.-G. Xiong, Z. Xue, Inorg.
Chem. 2005, 44, 3618. For ferroelectric MOFs, see: e) H. Zhao, Z.-
R. Qu, Q. Ye, B. F. Abrahams, Y.-P. Wang, Z.-G. Liu, Z. Xue, R.-G.
Xiong, X.-Z. You, Chem. Mater. 2003, 15, 4166; f) Z.-R. Qu, H.
Zhao, Y.-P. Wang, X.-S. Wang, Q. Ye, Y.-H. Li, R.-G. Xiong, B. F.
Abrahams, Z.-G. Liu, Z. Xue, X.-Z. You, Chem. Eur. J. 2004, 10, 53;
g) Q. Ye, X.-S. Wang, H. Zhao, R.-G. Xiong, Chem. Soc. Rev. 2005,
34, 208; For dielectric MOFs, see: h) H.-B. Cui, K. Takahashi, Y.
Okano, H. Kobayashi, Z. Wang, A. Kobayashi, Angew. Chem. 2005,
117, 6666; Angew. Chem. Int. Ed. 2005, 44, 6508; i) T. Okubo, R. Ka-
wajiri, T. Mitani, T. Shimoda, J. Am. Chem. Soc. 2005, 127, 17598;
j) Q. Ye, Y.-M. Song, G. X. Wang, D.-W. Fu, K. Chen, P. W. H.
Chan, J.-S. Zhu, D. S. Huang, R.-G. Xiong, J. Am. Chem. Soc. 2006,
128, 6554; k) D.-W. Fu, Y.-M. Song, G.-X. Wang, Q. Ye, R.-G.
Xiong, T. Akutagawa, T. Nakamura, P. W. H. Chan, S. D. Huang, J.
Am. Chem. Soc. 2007, 129, 5346; l) Q. Ye, H. Zhao, Z.-R. Qu, D.-W.
Fu, R.-G. Xiong, Y.-P. Cui, T. Akutagawa, P. W. H. Chan, T. Naka-
mura, Angew. Chem. 2007, 119, 6976; Angew. Chem. Int. Ed. 2007,
46, 6852.


[7] R.-G. Xiong, X.-Z. You, B. F. Abrahams, Z. Xue, C.-M. Che, Angew.
Chem. 2001, 113, 4554; Angew. Chem. Int. Ed. 2001, 40, 4422.


[8] Crystal data for 1: C20H28Br2NO7Zn, M=619.62, monoclinic, P21;
a=9.5711(8), b=12.0486(10), c=11.1972(9) B; a=g =90, b=


98.4(2)8 ; V=1277.39(18) B3; Z=2; 1cald=1.611mgm�3; R1=0.0499,
wR2=0.0982; m=4.126 mm�1; S=1.015; Flack value=0.032(13).
Crystal data for 2 : C20H22D6Br2NO7Zn, M=625.66, monoclinic, P21;
a=9.5650(9), b=12.0392(11), c=11.1973(10) B; a =g=90, b=


98.44(2)8 ; V=1275.5(2) B3; Z=2; 1cald=1.629mgm�3 ; R1=0.0543,
wR2=0.1072; m =4.133 mm�1; S=1.056; Flack value=0.025(17);
The structures were solved with direct methods using the program
SHELXTL (Sheldrick, 1997, ref. [13]). All non-hydrogen atoms
were located from the trial structure and refined anisotropically
with SHELXTL by using the full-matrix least-squares procedure.
The hydrogen atom positions were fixed geometrically at calculated
distances and allowed to ride on the parent carbon atoms. The final
difference Fourier map was found to be featureless. CCDC 606407
(1) and 606408 (2) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.


[9] a) M. Szablewski, P. R. Thomas, A. Thornton, D. Bloor, G. H. Cross,
J. M. Cole, J. A. K. Howard, M. Malagoli, F. Meyers, J.-L. BrRdas,
W. Wenseleers, E. Goovaerts, J. Am. Chem. Soc. 1997, 119, 3144;
b) V. M. Geskin, C. Lambert, J.-L. BrRdas, J. Am. Chem. Soc. 2003,
125, 15651; c) R. Andreu, M. J. Blesa, L. Carrasquer, J. GarSn, J.
Orduna, B. Villacampa, R. AlcalT, J. Casado, M. C. R. Delgado,
J. T. L. Navarrete, M. Allain, J. Am. Chem. Soc. 2005, 127, 8835;
d) A. M. R. Beaudin, N. Song, Y. Bai, L. Men, J. P. Gao, Z. Y. Wang,
Chem. Mater. 2006, 18, 1079.


[10] a) T. Akutagawa, S. Takeda, T. Hasegawa, T. Nakamura, J. Am.
Chem. Soc. 2004, 126, 291; b) S. Horiuchi, F. Ishii, R. Kumai, Y. Oki-
moto, H. Tachibana, N. Nagaosa, Y. Tokura, Nat. Mater. 2005, 4,
163.


[11] S. Koval , J. Kohanoff, R. L. Migoni, E. Tosatti, Phys. Rev. Lett.
2002, 89, 187602.


[12] C. Wakai, A. Oleinikova, M. Ott, H. Weingartner, J. Phys. Chem. A
2005, 109, 17029.


[13] Sheldrick, G. M. (1997). SHELXTL V5.1 Software, Bruker AXS,
Madison, Wisconsin, USA.


[14] S. K. Kurtz, T. T. Perry, J. Appl. Phys. 1968, 39, 3798.
[15] Y. Y. Yao, C. H. Song, P. Bao, D. Su, X. M. Lu, J. S. Zhu, Y. N.


Wang, J. Appl. Phys. 2004, 95, 3126; e-mail address: jszhu@nju.edu.
cn.


Received: July 7, 2007
Published online: November 14, 2007


Table 1. Estimated powdered phase-matching of particle size vs. SHG in-
tensity


Particle size [mm] 35 55 75 82
SHG intensity (KDP for 1) 18 19 20 21
SHG intensity (KDP for 2) 22 23 24 25
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Self-Assembly of N2-Modified Guanosine Derivatives:
Formation of Discrete G-Octamers


Sanela Martić, Xiangyang Liu, Suning Wang,* and Gang Wu*[a]


Introduction


Molecular self-assembly via non-covalent interactions such
as hydrogen bonding can lead to stable supramolecular
structures. Hydrogen bonding between complementary
DNA bases is one remarkable example of molecular self-as-
sembly in nature. Among nucleobases, guanine exhibits the
most versatile hydrogen-bonding capability; this results in a
variety of self-assembled structures, such as dimers, trimers,
G-ribbons and G-quartets.[1–3] In the past decade, the G-
quartet structural motif has attracted considerable attention
because of its biological implications.[4] In the meantime, ap-
plications of guanosine-based molecules in materials science
and nanotechnology have also appeared.[5,6]


There are many factors that contribute to the overall
structure of a G-quartet-based supramolecular entity. At the
core of the G-quartet motif, non-covalent interactions, such
as hydrogen-bonding and cation–dipole interactions, are the
most important ones. Further stacking of G-quartets into oc-


tamers, dodecamers, hexadecamers, and even longer molec-
ular cylinders depends on p stacking between bases, the
sugar conformation, the glycosyl torsion angle (syn and
anti), the type of templating cations (sometimes anions as
well), protecting groups and other substitutions on the base
that might provide additional attraction or hindrance. In
general, guanosine-based derivatives with well-defined struc-
ture, stability and tuneable electronic, photonic, and mag-
netic properties are highly desirable.


For guanosine and 2’-deoxyguanosine derivatives, there
are several potential points for modification that would not
interfere with G-quartet formation: 2’, 3’, and 5’ positions of
the ribose and C8, N2, and N3 of the guanine base. To date,
only C8 and N2 base modification has been utilized for G-
quartet formation.[7–17] In many cases, base modification in-
troduces new properties and flexibilities that might not be
possible for the unmodified guanine. For example, Sessler
and co-workers[6] reported that a C8-modified guanosine nu-
cleoside forms a G-quartet in the absence of templating
metal ions, that is, it forms an “empty” G-quartet. Gottarel-
li, Spada, and co-workers[8,9] found that 8-oxogunosines self-
assemble into helical architectures. Kaucher and Davis[16] re-
ported that N2,C8-disubstituted guanosine derivatives can
form G-quartets. We recently demonstrated that a N2-modi-
fied guanosine derivate can form discrete G-octamers.[17] It
is anticipated that base modification can be used as a new
handle in the design of new self-assembled guanosine struc-


Abstract: In the presence of Na+ ions,
two N2-modified guanosine derivatives,
N2-(4-n-butylphenyl)-2’,3’,5’-O-triace-
tylguanosine (G1) and N2-(4-pyrenyl-
phenyl)-2’,3’,5’-O-triacetylguanosine
(G2), are found to self-associate into
discrete octamers that contain two G-
quartets and a central ion. In each oc-
tamer, all eight guanosine molecules
are in a syn conformation and the two
G-quartets are stacked in a tail-to-tail
fashion. On the basis of NMR spectro-


scopic evidence, we hypothesize that
the p–p-stacking interaction between
the N2-side arms (phenyl in G1 and
pyrenyl in G2) can considerably stabi-
lize the octamer structure. For G1, we
have used NMR spectroscopic satura-
tion-transfer experiments to monitor


the kinetic ligand exchange process be-
tween monomers and octamers in
CD3CN. The results show that the acti-
vation energy (Ea) of the ligand ex-
change process is 31 �5 kJ mol�1. An
Eyring analysis of the saturation trans-
fer data yields the enthalpy and entro-
py of activation for the transition state:
DH� = 29 �5 kJ mol�1 and DS� =


�151 �10 J mol�1 K�1. These results
are consistent with an associative
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tures. We report in this study the self-assembly of two N2-
modified guanosine nucleosides, N2-(4-n-butylphenyl)-
2’,3’,5’-O-triacetylguanosine (G1) and N2-(4-pyrenylphenyl)-
2’,3’,5’-O-triacetylguanosine (G2). A brief account on the


self-assembly of G1 has been reported.[17] Here we report a
detailed examination of the self-assembled structures that
are formed by G1 and G2, and of the kinetic ligand ex-
change between G1 monomers and aggregates in solution.


Results and Discussion


Synthesis : The N2-functional-
ized molecule, N2-(4-n-butyl-
phenyl)-2’,3’,5’-O-triacetylgua-
nosine (G1) was synthesized
by using a previously reported
method.[18] The synthetic route
to N2-(4-pyrenylphenyl)-2’,3’,5’-
O-triacetylguanosine) G2 is
shown in Scheme 1. Typically,
Pd-catalyzed C�N bond cou-
pling reactions are performed
by using halogenated nucleo-
sides or aryl halides; however,
such methodology requires
protection of the hydroxyl
groups of the ribose moiety as
well as the protection and sub-
sequent deprotection of the O6


site.[19] Our procedure is based
on the well-known Ullmann
condensation reactions, which
are commonly used for the C�
N coupling of aryl halides with
aryl amines,[20,21] but have not
been attempted with nucleo-
sides previously. The starting
material, p-pyrenyliodophenyl
(1) was synthesized by lithiat-
ing 1-bromopyrene first, then
by transmetalation to form a


ZnII complex and its cross coupling to p-diiodobenzene in
the presence of [Pd ACHTUNGTRENNUNG(PPh3)4] at 0 8C to give p-pyrenyliodo-
phenyl (1) in 59 % yield. Compound 2 was synthesized
through an Ullmann condensation by using CuI as the cata-
lyst and Cs2CO3 as the base at 140 8C. Protection of com-
pound 2 was achieved by using an acetylation reaction with
acetic anhydride in the presence of triethylamine and N-di-
methylaminopyridine (DMAP) as a catalyst to give G2 (see
Scheme 1).


1H NOESY NMR spectra : Figure 1 shows the spectral re-
gions of the 1H NOESY NMR spectra of G1 and G2 self-as-
semblies that were prepared in the presence of Na+ ions.
The observed interbase NOE cross peaks between H8 and
N2H protons are characteristic features that indicate G-quar-
tet formation. In addition, strong NOE cross peaks are ob-
served between H8 and H1’ for both G1 and G2 self-assem-
blies, which suggests that all G1 and G2 molecules are ex-
clusively in a syn conformation. The observed NOE cross
peaks between Hortho/Hmeta and H2’/H3’ protons further sup-
port a syn conformation of the glycosidic bond so that the
N2-subtituent is approximately above the ribose ring. The
crystal structure of the G1 monomer also exhibits a syn con-
formation with a glycosyl torsion angle cCN (O4’-C1’-N9-C4)


Scheme 1. Synthetic route to G2.
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of 75.78.[17] Our observation falls into the general trend that
N2 and C8-modified guanosine derivatives usually prefer to
adopt a syn conformation.[7,17,22] Also seen in Figure 1 are
the strong NOE cross peaks between Hortho and N2H protons
for both G1 and G2, which are due to intrabase interactions.
The fact that a single set of 1H NMR signals for each octa-
mer are observed suggests that the G1 and G2 octamers are
D4-symmetric.


The self-assembly process of
both G1 and G2 appears to be
rather sensitive to the solvent.
For example, G1 exists as mon-
omers in CD2Cl2, as a mono-
mer–aggregate mixture in
CD3CN, and exclusively as ag-
gregates in CDCl3. G2 exists as
monomers in CDCl3, CD3CN,
and [D6]acetone, and as aggre-
gates only in CD2Cl2. At this
time we do not have a satisfac-
tory explanation for the ob-


served solvent-dependence effect. The 23Na NMR spectrum
of the G1 self-assembly in CDCl3 exhibits a single peak at
d=�17.8 ppm; this is in agreement with a G-octamer struc-
ture that contains a central Na+ ion.[23–25] The ESI-MS spec-
tra also suggest the presence of G1 octamers. It is interesting
to note that neither G1 dodecamers nor G1 hexadecamers
were observed in the ESI-MS spectra, which is different
from previous observations that have been made for other
guanosine derivatives, for which polymeric aggregates are
always likely to form in the presence of Na+ or K+


ions.[17,26, 27] In addition, individual G1 or G2 tetramers were
not observed either in the solution or gas phase. Perhaps,
the particular stacking scheme between the two all-syn G-
quartets in each G1 octamer and the presence of acetyl pro-
tecting groups impose steric hindrance that prevents the
stacking of two G1 ocamers together. As will be discussed
later, our models provide indirect evidence that supports
this argument. The circular dichroism (CD) spectrum of G1
in CH3CN exhibits a nearly degenerate negative exciton
couplet that is centered at 290 nm; this is similar to that re-
ported for a G-octamer by Davis and co-workers.[27] This
CD spectral feature is indicative of the twisted stacking of
two chiral G-quartets.[28,29]


DOSY NMR spectroscopy: As mentioned in the previous
section, NOESY data provide unambiguous evidence that
G1 and G2 self-assemblies are based on the G-quartet struc-
tural unit. On the other hand, the ESI-MS data support the
presence of G octamers rather than dodecamers and hexa-
decamers in the gas phase. However, none of these tech-
niques can answer the question as to the exact size of molec-
ular aggregates in solution. To determine the precise size of
molecular self-assemblies from G1 and G2 in solution, we
used an NMR technique known as diffusion-ordered spec-
troscopy (DOSY).[30,31] In general, a DOSY spectroscopic
experiment measures the translational diffusion coefficient
(D) of a molecule, which can then be used to infer the exact
size of the molecule or molecular aggregate in solution. Re-
cently, DOSY or diffusion NMR spectroscopy has been ex-
tensively used in supramolecular chemistry.[27, 32–40] Experi-
mental results of translational diffusion constants for G1
and G2 in various solvents are given in Table 1. We have
also measured the value of D for the unmodified 2’,3’,5’-O-
triacetylguanosine (TAG) in DMSO. Because TAG exists as


Figure 1. Regions of the NOESY spectra of A) G1 in CDCl3 and B) G2
in CD2Cl2.


Table 1. Translational diffusion coefficients (in units of 10�10 m2 s) determined for TAG monomer, G1 mono-
mer, G2 monomer, G1 octamer, and G2 octamer in different solvents. All NMR diffusion measurements were
performed at 298 K.


TAG[a] G1 G2
Solvent viscosity (h)[c] Dmonomer Dmonomer D8 D8/Dmonomer Dmonomer D8 D8/Dmonomer


DMSO (2.001) 1.44 – - – – - –
CDCl3 (0.542) 5.32[b] 6.06 3.09 0.51 – – –
CD3CN (0.345) 8.35[b] 9.28 4.76 0.51 – – –
CD2Cl2 (0.432) 6.67[b] – – – 8.14[b] 4.17 0.51
CD3COCD3 (0.307) 9.38[b] – – – 11.2 5.56[b] 0.49


[a] TAG =2’,3’,5’-O-triacetylguanosine [b] Calculated by using the relationship between solvent viscosity and
D. [c] Solvent viscosity data at 298 K in units of cP.
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monomers in DMSO, the experimental D value for TAG
was used as an independent reference for G monomers. For
easy comparison, we have calculated the expected D values
for TAG in other solvents by using the inverse dependence
between D and the solvent viscosity (h). As seen from
Table 1, the value of D for G1 monomers in CDCl3, which
was prepared in the absence of Na+ ions is 6.06 �0.05 R
10�10 m2 s. This value is approximately 14 % larger than that
of TAG in the same solvent, 5.32 R 10�10 m2 s. This suggests
that the N2 modification of G1 also plays a role in the over-
all shape of the molecule compared to that of the unmodi-
fied guanosine. For G1 and G2 monomers in other solvents,
the values of D are generally larger than the corresponding
values of TAG by approximately 20 %. When Na+ ions are
present in the solution, G1 self-associates into aggregates
and has a much smaller D value of 3.09 R 10�10 m2 s. The
ratio between the two D values for G1 monomers and G1
aggregates suggests that G1 molecules form octamers in
CDCl3.


[22] As seen from Table 1, the values of D for G2 ag-
gregates also suggest the formation of G2 octamers.


The most interesting case is that of G1 in CD3CN. The
1H NMR spectrum of G1 in CD3CN that was prepared in
the presence of Na+ ions generally exhibits two sets of
NMR signals. Furthermore, the two sets of signals exhibit
quite different D values: 4.76 and 9.28 R 10�10 m2 s. Once
again, the diffusion data immediately suggest that G1 exists
as a mixture of monomers and octamers in CD3CN. This sit-
uation is best illustrated in the 2D representation of the
DOSY data that is shown in Figure 2. In a sense, DOSY
spectroscopy is a type of NMR chromatography that sepa-
rates molecular species according to their translational mo-
bility. Another interesting observation is that the NOE cross
peaks that are due to G1 monomers and G1 octamers have
opposite signs; this is illustrated in Figure 2, and can be un-
derstood on the basis that G1 monomers and G1 octamers
have very different rotational correlation times (tC). It is
well known that for small molecules in which tC is short rel-
ative to 1/w0 (w0 is the angular Larmor frequency of the nu-
cleus under observation), the NOE cross peaks exhibit an
opposite sign to the diagonal peaks. On the other hand, for
large molecules or molecular aggregates with a long tC


value relative to 1/w0, NOE cross peaks have the same sign
as the diagonal peaks. In the present case, because G1 oc-
tamers (ca. 4300 Da) are much larger than G1 monomers
(540 Da), they have quite different values of tC; this gives
rise to NOE cross peaks with opposite signs. This observa-
tion, in turn, is in agreement with the diffusion NMR spec-
troscopic results. We have also found that the amount of G1
octamers relative to that of G1 monomers increases with a
decrease of temperature, this indicates that the octamer for-
mation is an exothermic process. Our dilution experiments
of G1 in CD3CN also suggest that the octamer formation is
favored at higher concentrations at 298 K, while a concen-
tration effect is negligible at 283 K. G2 exists exclusively as
octamers in CD2Cl2 and as monomers in [D6]acetone. We
did not find any solvent in which G2 exists as a mixture of
monomers and octamers.


Molecular structures of G1 and G2 octamers : Because crys-
tallization of G1 and G2 octamers were unsuccessful, the
model building in this section is based primarily on NMR
spectroscopic evidence. As mentioned earlier, the 1H NMR
spectroscopic data suggest that G1 and G2 form D4-sym-
metric octamers, each of which contains two all-syn G-quar-
tets. As shown in Figure 3, the molecular structure of the
G1 monomer[17] exhibits a syn conformation with a glycosyl
torsion angle of 75.78. Another important structural feature
of the G1 monomer is that the five-membered ribose ring is
puckered in the 2E (2’-endo) conformation. We have there-
fore built a G octamer model by assuming a similar glycosyl
torsion angle and sugar conformation. Because each G-quar-
tet has two faces, head and tail, as illustrated in Figure 3,
there are still two possible ways to form a D4-symmetric oc-
tamer, that is, either head-to-head or tail-to-tail. Our model


Figure 2. A) 2D representation of the DOSY data for G1 in CD3CN.
B) A spectral region of the NOESY spectrum of G1 in CD3CN. The
NOE cross peaks in blue and red have the same and opposite signs as
the diagonal peaks, respectively.
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suggests that the tail-to-tail stacking is most likely to occur
because of the arrangement of the three acetyl groups. In
particular, as seen in Figure 3, the 2’- and 3’-O-acetyl groups
are on the head side of the G-quartet and 5’-O-acetyl group
is on the tail side. As a result, the head face is more crowd-
ed than the tail side. Furthermore, because of the additional
methylene group that is linked to the 5’-O-acetyl group, it is
more flexible than the 2’- and 3’-O-acetyl groups that are di-
rectly attached to the ribose ring. A tail-to-tail G-octamer
formation can also provide an explanation for the fact that
further stacking between octamers has not been observed
for G1 and G2.


The molecular models of the G1 and G2 octamers also
suggest possible p–p-stacking interactions between the


phenyl (G1) and pyrenyl (G2)
aromatic rings from the two
different G-quartets. Indeed,
as seen from Figure 4, the ob-
served 1H NMR chemical shifts
for the phenyl protons (Hortho


and Hmeta) for the G1 octamer
are considerably more shielded
than those in the G1 monomer.
In CDCl3, such changes
amount to Dd=0.34 and
0.18 ppm for Hortho and Hmeta,
respectively. In CD3CN, we
also found Dd=0.15 and
0.20 ppm for Hortho and Hmeta,
respectively. For G2, significant
1H NMR chemical shift
changes (ca. Dd�0.5 ppm)
were observed for H7 and H2


of the pyrenyl group. These
chemical shift changes are
comparable to those that were
observed for the H8 protons
(Dd=0.42 ppm for G1 and
Dd= 0.45 ppm for G2), which
are due to the p–p stacking be-
tween the bases. Other protons
of the pyrenyl group, even in
the absence of a complete as-
signment, also show small
chemical shift changes. All
these observations are consis-
tent with the formation of p–p


stacking. Interestingly, the
phenyl protons in the G2 octa-
mer exhibit little chemical shift
change compared to those in
the G2 monomer. Inspection
of the molecular model reveals
that the phenyl rings in the G2
octamer are more perpendicu-
lar to the guanine base plane
than those in the G1 octamer.


In particular, the C2-N2-Cipso-Cortho torsion angle in the G2
octamer is 788, whereas it is only 418 in the G1 octamer.
Such an arrangement of the phenyl ring relative to the gua-
nine plane was also predicted by quantum chemical calcula-
tions at the B3LYP/6–311+ G(d) level for G2 and from the
crystal structure for the G1 monomer. Consequently, there
is very little p–p stacking between the two phenyl rings in
the G2 octamer. This is entirely consistent with the observa-
tion shown in Figure 4, in which the 1H NMR signals for
Hortho and Hmeta show little variations between G2 monomers
and G2 octamers. On the other hand, significant 1H NMR
spectroscopic chemical shift changes are observed for Hortho


and Hmeta protons between the G1 monomer and G1 octa-
mer as mentioned earlier.


Figure 3. A) Crystal structure of the G1 monomer. B) Illustration of the head and tail faces of a G-quartet.
Top views (D and F) and side views (C and E) of the G1 and G2 octamers.
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Another piece of evidence that suggests that there is p–p


stacking between the pyrenyl rings in the G2 octamer comes
from the NOESY data. In the NOESY spectrum that is
shown in Figure 5, cross peaks are observed between H7 and
H2 of the pyrenyl group. As shown in Figure 5, the distance
between H2 and H7 within the same pyrenyl ring is approxi-
mately 8.027 S. This distance is generally too long to gener-
ate any NOE effect. On the other hand, the G2 octamer
model suggests that the distance between H2 and H7 from
two different G-quartets (interquartet) is about 2.926 S.
This is a reasonable short contact for producing the ob-
served NOE cross peaks. We have also measured the fluo-
rescence spectra for G2 in CH2Cl2. However, we did not ob-
serve a pyrene excimer peak. Presumably at the low concen-
trations that are suitable for the optical measurement, very
little G2 octamers are present.


In a G-octamer, the main forces to hold two G-quartets
together are the ion–carbonyl interaction and the p–p stack-
ing between the guanine bases. It is plausible that the addi-
tional p–p stacking between the N2 side-arms in both G1
and G2 octamers further stabilizes these octamer structures.
It would be interesting to design new N2-modified guanosine
derivatives in which the p–p stacking between the N2 groups
can be optimized. It might also be possible that such a p–p


stacking between N2 groups would provide a strong enough
attraction to hold the two G-quartets so that the central
cation becomes unnecessary, this would give rise to an
“empty” G-octamer. Experiments to search for such an
empty G-octamer are underway in our laboratory.


Ligand exchange between G1 monomers and octamers : As
mentioned earlier, G1 exists as a mixture of monomers and
octamers in CD3CN. This provides an excellent opportunity


to examine ligand exchange
between the free (monomers)
and bound (octamers) states;
see Scheme 2. However, varia-
ble temperature 1H NMR spec-
tra of G1 do not exhibit any
significant line broadening,
which indicates that the ligand
exchange rate is much slower
than the NMR chemical shift
time scale. For this reason, we
employed a saturation transfer
NMR spectroscopic technique
to measure ligand exchange
rates.[41, 42] Typically, saturation
transfer NMR experiments are
performed by selectively satu-
rating one NMR signal (sig-
nal A) from the G1 monomer
(or the octamer) and then
monitoring the time evolution
of the signal (signal B) from
the G1 octamer (or the mono-
mer). According to Forsen and
Hoffman,[41, 42] the time evolu-


Figure 4. Regions of 1H NMR spectra for G1 in CDCl3 (monomer and octamer) and G2 in CD2Cl2 (octamer)
and DMSO (monomer). * marks the solvent peak.


Figure 5. A) Part of the G2 octamer model that shows the stacking be-
tween two pyrenyl groups. B) Expansion of the NOESY spectrum of G2
octamers in CD2Cl2.
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tion of signal A under the conditions of complete saturation
of signal B can be written as:


Mz
AðtÞ


MO
A ¼


T1A


T1A þ tA
e
�
�


1
tAþ


1
T1A


�
t


þ tA


T1A þ tA


in which T1A is the spin–lattice relaxation time constant of
signal A and tA is the lifetime of molecules in state A. The
ligand exchange process between G1 monomers and octam-
ers is depicted in Figure 6. Because it is possible to find
1H NMR spectral regions in which signals for both mono-
mers and octamers are well resolved, we performed the sat-
uration transfer experiments by saturating signals from mon-
omers and octamers separately. Table 2 summarizes the sat-


uration transfer NMR experimental results for G1 in
CD3CN at different temperatures.


The ligand exchange rates are in the order of a few s�1.
These values are comparable to those that were reported by
Davis and co-workers for isoguanosines.[43] We also per-
formed saturation transfer experiments for different concen-
trations, and the results suggest that ligand exchange rates
decrease considerably at low concentrations. This is consis-
tent with an associative bimolecular mechanism for the
ligand exchange process.[44] An Arrhenius analysis of the
data that is shown in Table 2 yields an activation energy
(Ea) of 31 �5 kJ mol�1 for the kinetic ligand exchange pro-
cess. We have also applied an Eyring analysis for the satura-
tion transfer data, and have obtained the enthalpy of activa-
tion and the entropy of activation for the transition state:
DH� = 29 �5 kJ mol�1 and DS� =�151 �10 J mol�1 K�1.
Again, a large and negative value of DS� is in agreement
with the associative mechanism for ligand exchange.


Conclusion


We have shown that two N2-modified guanosine derivatives
form discrete G-octamers that contain all-syn guanosine
molecules. The stacking between the two G-quartets is most
likely in a tail-to-tail fashion. NMR spectroscopic results
strongly suggest the formation of p–p stacking between the
phenyl and pyrenyl groups in the G1 and G2 octamers, re-
spectively. The kinetic ligand exchange between G1 mono-
mers and G1 octamers is generally slow, and is in the order
of a few s�1 between 283 and 313 K. We have determined
the enthalpy and entropy of activation for the transition
state: DH� =29 �5 kJ mol�1 and DS� =�151 �
10 J mol�1 K�1. These data suggest an associative mechanism
for the ligand exchange process. This study provides new in-
sights into the self-assembly of N2-modified guanosine com-
pounds in organic solvents. It is quite clear that N2-modifica-
tion is a viable approach in the design of new G-quartet-
based materials. Although this study deals with guanosine
nucleosides, it is possible that the same strategy might be
applicable to nucleotides (DNA and RNA) because the exo-
cyclic amino N�H bond is pointing into the groove region.
We believe that residue-specific N2 modification should be
exploited as a new handle for fine-tuning G-quadruplex
structure and function.


Scheme 2. Ligand exchange between G1 monomers and octamers.


Figure 6. Saturation transfer NMR experiments for the G1 ligand ex-
change in CD3CN. A) Saturation of the NMR signal from octamers and
B) saturation of the NMR signal from monomers. * 283 K; & 298 K;
* 313 K.


Table 2. Saturation transfer NMR experimental results for G1 kinetic
ligand exchange in CD3CN.


Saturation of octamer signals Saturation of monomer signals
T
[K]


T1A [s] tA [s] k=1/tA


[s�1]
T1A [s] tA [s] k=1/tA


[s�1]


283 1.39
(H8)


2.4�0.5 0.4 1.18
(H8)


3.0�0.5 0.3


298 2.01
(H1)


1.7�0.2 0.6 1.59
(H1)


1.6�0.2 0.6


313 2.05
(H8)


0.8�0.1 1.3 1.61
(H8)


0.7�0.1 1.4
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Experimental Section


Synthesis details : All starting materials and reagents were purchased
from Aldrich Chemical Company and were used without further purifica-
tion. Thin-layer chromatography was carried out by using silica gel 60
plates, and the column chromatography was performed by using silica gel
of particle size 60–200 mm and C-18 silica gel for reversed-phase chroma-
tography, all of which were purchased from Silicycle. G1 was synthesized
by using a previously reported procedure.[17]


p-Pyrenyliodophenyl (1): A 1.6 m hexane solution of nBuLi (1.75 mL,
2.79 mmol) was added to a stirred solution of bromopyrene (0.71 g,
2.54 mmol) in THF (100 mL)at �78 8C. After 1 h at this temperature,
ZnCl2 (0.41 g, 3.04 mmol) was added and stirring was continued for 0.5 h
at 0 8C. Diiodobenzene (1.81 g, 5.4 mmol) and [Pd ACHTUNGTRENNUNG(PPh3)4] (0.22 g,
9 mol %) were added to the mixture, and the reaction was allowed to
warm up to room temperature, and was stirred overnight under N2. The
solution was partitioned by using ethyl acetate (100 mL) and water
(100 mL). The aqueous layer was further extracted with dichloromethane
(3 R 40 mL), and the combined organic fractions were dried over anhy-
drous MgSO4 and concentrated under vacuum. The product was purified
by using column chromatography (hexane/ethyl acetate 5:1) and was iso-
lated as a white solid. Yield: 0.610 g (59.4 %). 1H NMR (400 MHz,
CDCl3, 25 8C): d=8.24–7.94 (m, J=3.6, 7.8, 9.2 Hz, 9H), 7.91 (d, J=


8.3 Hz, 2H, Hortho), 7.39 ppm (d, J=8.3 Hz, 2H, Hmeta); 13C NMR
(400 MHz, CDCl3, 25 8C): d=140.7, 137.5, 136.4, 132.5, 131.5, 131.2,
130.9, 130.8, 128.3, 128.1, 127.7, 127.6, 127.4, 127.3, 126.1, 125.8, 125.3,
125.0, 124.9, 124.8, 124.6, 93.1 ppm; HRMS (EI+ ): m/z : calcd for
C22H13I: 404.0062; found: 404.0046 [M]+ .


N2-(4-Pyrenylphenyl)guanosine (2): A mixture of p-pyrenyliodophenyl
(0.199 g, 0.49 mmol), guanosine (0.209 g, 0.73 mmol), cesium carbonate
(0.192 g, 0.59 mmol), copper iodide (0.014 g, 0.07 mmol, 15%), and
DMSO (5 mL) in small sealable 25 mL vial was degassed with N2 for
10 min, then the vial was sealed, and the reaction was carried out at
140 8C for 24 h in a preheated oil bath. Water (10 mL) was added to reac-
tion mixture, and the solution was neutralized to pH�7 by using aq.
HCl. Further addition of water (30 mL) led to the precipitation of the
product as a beige solid. The solid was washed with water to remove un-
reacted guanosine, then it was purified by using reversed-phase silica
(CH2Cl2, then MeOH/H2O 4:1) to obtain N2-(4-pyrenylphenyl) guanosine
(0.061 g, 22.3 %) as a white solid. 1H NMR (400 MHz, [D6]DMSO, 25 8C):
d=10.76 (br s, 1H; N1H), 9.14 (br s, 1H; N2H), 8.4–8.26 (m, 3H), 8.21 (d,
J=9.17 Hz, 4H), 8.11 (s, 1H, H8), 8.06 (t, J=8.01 Hz, 2H), 7.86 (d, J=


8.28 Hz, 2H; Hortho), 7.64 (d, J= 8.21 Hz, 2H; Hmeta), 5.83 (d, J=5.46 Hz,
1H; H1’), 5.53 (d, J=5.94 Hz; C2-OH), 5.21 (d, J=5.12 Hz; C3-OH), 5.02
(t, J= 5.16, 5.35 Hz; C5-OH), 4.55 (q, J=5.33, 5.68 Hz, 1H; H2’), 4.13 (d,
J=4.33 Hz, 1H; H3’), 3.90 (d, J=3.52 Hz, 1 H; H4’), 3.55 ppm (m, J=4.06,
6.78, 14.78 Hz, 2H; H5’, H5’’); 13C NMR (400 MHz, [D6]DMSO, 25 8C):
d=157.7, 150.9, 150.5, 138.9, 137.9, 132.1 (2 C), 131.9 (2 C), 131.5, 131.1,
128.8 (2 C), 128.7 (2 C), 128.5 (2 C), 127.6, 126.4, 126.1 (2 C), 125.4, 125.3,
125.2, 123.8, 121.4 (2 C), 120.2, 86.9 (C1), 79.5 (C4), 72.3 (C2), 70.4 (C3),
63.3 ppm (C5); HRMS (ESI+ ): m/z : calcd for C32H25N5O5: 560.1934;
found: 560.1943 [M+H]+ .


N2-(4-Pyrenylphenyl)-2’,3’,5’-O-triacetylguanosine (G2): Acetic anhydride
(0.094 mL, 0.98 mmol) was added to a suspension of N2-(4-pyrenylphen-
yl) guanosine (0.041 g, 0.07 mmol) and N-dimethylaminopyridine
(0.003 g, 0.02 mmol) in a mixture of acetonitrile (6 mL) and triethylamine
(0.151 mL, 1.08 mmol) at room temperature. After stirring for 1 h, when
all of the starting material had dissolved, MeOH (5 mL) was added to
the mixture, and stirring was continued for an additional 5 min. The solu-
tion was then evaporated to dryness, and the resulting oil was precipitat-
ed out with iPrOH. The solid was isolated by centrifugation and was
washed with diethyl ether. The solid was dissolved in THF and the com-
pound was purified by preparatory TLC (MeOH/CH2Cl2, 1:9 (v/v) and
MeOH/ethyl acetate 1:9 (v/v)). After extensive purification, a white
product (15 mg, 31.8 %) was isolated. 1H NMR (400 MHz, [D6]DMSO,
25 8C): d =10.93 (br s, 1 H; N1H), 9.17 (br s, 1H; N2H), 8.39–8.03 (m, J=


3.12, 4.22, 8.27 Hz, 10H; 9H pyrene, H8), 7.78 (d, J=8.38 Hz, 2H; Hortho),
7.63 (d, J=8.41 Hz, 2 H; Hmeta), 6.13 (d, J=5.12 Hz, 1H; H2’), 6.08 (t, J=


5.82 Hz, 1H; H1’), 5.45 (t, J=5.40 Hz, 1H; H3’), 4.31 (m, J=3.43, 4.02 Hz,
1H; H4’), 4.28 (m, J= 4.6, 6.1, 10.1 Hz, 1 H; H5’’), 4.15 (m, J=4.8, 6.1,
10.2 Hz, 1 H; H5’), 2.06 (s, 3H; CH3), 2.02 (s, 3 H; CH3), 1.86 ppm (s, 3H;
CH3); 13C NMR (400 MHz, [D6]DMSO, 25 8C): d =171.7, 170.2, 170.1,
157.3, 150.5, 150.2, 138.8, 137.6, 135.7, 131.8, 131.6 (2 C), 131.2, 130.7,
128.4 (2 C), 128.3 (2 C), 128.2 (2 C), 127.2, 126.1, 125.8, 125.7 (2 C), 125.4,
125.0, 124.9, 121.1 (2 C), 87.3 (C1), 79.9 (C4), 72.6 (C2), 70.8 (C3), 63.6
(C5), 21.3 (CH3), 21.0 (CH3), 20.8 ppm (CH3); HRMS (ESI + ): m/z : calcd
for C38H31N5O8: 686.2508; found: 686.22760 [M+H]+ .


NMR spectroscopic experiments : All routine 1H and 13C NMR spectra
were recorded on Bruker Avance-500 and Avance-600 spectrometers. For
G1 octamers in CDCl3, the source of Na+ ions was either NaClO4 or
sodium picrate. For G1 octamers in CD3CN and G2 octamers in CD2Cl2,
no additional Na+ ions were added to the samples because Na+ ions had
apparently been extracted into the samples during the compound synthe-
sis and NMR sample preparation. Although at that time, the exact
source of Na+ and the nature of counter ions were uncertain, the pres-
ence of the Na+ ions in these samples was unambiguously proved by so-
lution 23Na NMR and cryptand extraction experiments.


Pulse field gradient (PEG) NMR spectroscopy : Diffusion experiments
were carried out with Bruker Avance-600 MHz spectrometer by using
the pulse sequence of longitudinal-eddy-current delay (LED) with bipo-
lar-gradient pulses. The 1H 90o and 180o pulse widths were 10 and 20 ms,
respectively. The pulse-filed gradient duration was varied from 4–15 ms,
and the variable gradient (G) was changed from 6 to 350 mT/ m. The dif-
fusion period was varied from 50 to 90 ms. A total of 16 transients were
collected for each of the 32 increment steps with a recycling delay 12 s.
The eddy-current delay was set to 5 ms. Diffusion coefficients were ob-
tained by integration of the desired peaks to a single exponential decay
curve by using “Simfit Bruker XWINNMR” software. Calibration of the
field gradient strength was achieved by measuring the value of transla-
tional diffusion coefficient (D) for the residual 1H signal in D2O
(99.99 %, 2H atom), D=1.91 R 10�9 m2 s.


NOESY spectroscopy: All NOESY spectra at 298 K were acquired by
using a mixing time of 0.4 s and a total of 64 transients with a recycling
delay of 10 s. The NOESY experiment at 218 K was acquired by using a
mixing time of 0.1 s and a recycling delay of 2 s and a total of 64 transi-
ents.


Saturation transfer experiments : Selective saturation transfer experi-
ments were performed for G1 in CD3CN between 283 and 313 K. The ex-
periments were conducted by using a selective saturation pulse on the
peak of interest. An irradiation at H8 of the G1 monomer or (G1)8 octa-
mer was used at 283 and 313 K, while irradiation at H1’ of the G1 mono-
mer or (G1)8 octamer was performed at 298 K. The spectra were collect-
ed by varying the mixing time from 0 to 14 s for a total of 24 data points.
Each 1H NMR spectrum was acquired by using 32 scans.


Mass spectrometry : ESIMS experiments were performed by using the
positive-ionization mode on QSTA XL MS/MS systems by using the Ana-
lyst QS Method or on Waters Micromass ZQ Spectra were acquired over
a m/z range of 100–10000. MALDI-TOF experiments were performed on
the Voyager AB Applied Biosystems.


Circular dichroism (CD) spectroscopy : CD spectra of G1 and G2 solu-
tions were recorded on a Jasco 715 circular dichroism spectrometer in a
0.1 cm path length cuvette. The wavelength was varied from 190 to
800 nm at 1000 nm per min with 10 overall scans. The concentration of
the G1 solution was 250 mm and that of G2 was 0.53 mm. The equilibrium
CD curves were obtained in the 285–325 K range, and a suitable time
(10 min) was used to achieve the equilibrium before recording CD.
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Introduction


During the past decades, conjugated polymers have been in-
vestigated extensively for their applications in optoelectron-
ic devices, such as light-emitting diodes,[1] photovoltaic
cells,[2] organic field-effect transistors,[3] and sensors.[4] The


performance of optoelectronic devices is determined mainly
by the interchain behaviors, rather than by the intrinsic
properties of the conjugated polymers.[5] To control and take
advantage of their interchain behavior, conjugated polymers
or oligomers have been introduced into a rod–coil block co-
polymer architecture as the rod components.[6] As these
emissive rod–coil block copolymers can form a rich variety
of nanoscopic organizations, ranging from lamellar, spheri-
cal, cylindrical, to vesicular morphologies,[7] it is generally
considered that they are providing a new method of con-
structing supramolecular optoelectronic devices.[8] However,
to date, most research has focused on the self-assembly
properties of these block copolymers, while their underlying
supramolecule-related photophysics is little known.[7,8] In
this context, the relationship between the molecular archi-
tecture of the rod–coil block copolymer and the supramole-
cule-regulated photophysical properties of the rod compo-
nent will be investigated.


Among conjugated polymers, poly(p-phenyleneethynyl-
ACHTUNGTRENNUNGene)s (PPEs) and their derivatives, in which aryl groups are
linked by alkyne units, are of considerable interest.[9] One of
the most fascinating properties of PPEs is their sensitive
chromic behavior upon environmental variation.[10] For in-
stance, when turning from dilute solutions into thin solid
films, the absorption and emission spectra of PPEs always
have a larger bathochromic shift relative to other conjugat-
ed polymers, such as polyfluorenes and poly(phenylene vi-
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nylene)s.[11–12] In previous studies, the bathochromic shifts of
PPEs were attributed either to the aggregate or to the back-
bone planarization.[9–10] The aggregate is an interchain be-
havior, which involves intimate p–p interaction of two or
more chromophores in the ground state by extending the
delocalization of p-electrons over those chromophores.[13] It
usually leads to bathochromic shifts or new peaks in the
spectra. In contrast, the backbone planarization is an intra-
chain behavior, which is associated with the conformational
transformation of a single chain.[14] The first interpretation
of the spectral shifts of PPEs in terms of aryl twisting and
planarization was offered by Bunz et al.[15] In actual fact, for
most conjugated polymers, when the conformation of a po-
lymer chain changes from a twisted one into a relatively
planar one, the p-electron delocalization along the backbone
would become easier, and hence the spectra would red-shift
to a certain extent.[16] However, it has been found that this
intrachain effect is extremely strong for PPEs, owing to the
relatively low rotational barrier of the aryl–alkyne single
bonds along the backbone, which is estimated at less than
1 kcalmol�1.[17] A recent study with 9,10-bis(phenylethynyl)-
ACHTUNGTRENNUNGanthracene as a model compound showed that the planariza-
tion and conformational dynamics of the three aryl rings
result in drastic changes in the spectra, which are manifested
in the formation of the aggregates.[18] On the other hand, the
backbone planarization will give rise to a closer interchain
contact, which in turn facilitates the formation of the aggre-
gates in most circumstances.[19]


To control the interchain behavior of PPEs, they have
been recently incorporated into linear rod–coil block co-
polymers as the rod components,[20] or grafted by poly-
mers.[21] It was hoped that the p–p interactions in these
grafted PPEs would be restrained by the coil segments. Con-
sequently, the solid-state absorption and emission spectra
should retain the features seen in dilute solution. In fact, the
results were not as expected. When dividing these grafted
PPEs into two kinds, as depicted in Scheme 1 based on the


molecular architecture, it is interesting to find that upon
going from dilute solution to thin films, the grafted PPEs
with the structure GP1 (Scheme 1) showed slightly red-shift-
ed absorption and emission spectra,[21a–d] while the grafted
PPEs with the structure GP2 (Scheme 1) exhibited signifi-
cantly red-shifted and broadened spectra, especially for the


emission spectra.[21e–f] However, the photophysical properties
of these copolymers were not studied in detail, and satisfac-
tory explanations for these spectral changes were not given
in the literature. We envisage that this discrepancy of spec-
tral changes for these grafted PPEs should be ascribed to
the different molecular architecture, which plays an impor-
tant role in determining the intra- and interchain behaviors.
Thereby, as aforesaid, it is highly desirable to address the
issue of the effect of molecular architecture on the photo-
physics of emissive block copolymers.


In this contribution, to investigate the effect of molecular
architecture on the photophysics of emissive rod–coil block
copolymers, we designed and synthesized three new rod–coil
block copolymers as model systems containing the same
oligo(p-phenyleneethynylene) (OPE) chromophores as the
rod components and the same coils, but with different mo-
lecular architectures as shown in Scheme 2. We will present


the first systematic comparative study on the photophysical
properties of OPE and these OPE-based topology-varied
block copolymers. OPE was chosen instead of the polymer
so that the chemical defects and polydispersities formed
during Sonogashira coupling polymerization could be avoid-
ed. Atom-transfer radical polymerization (ATRP) was ap-
plied to endow these block copolymers with the same coils
at different positions on the OPE molecule. Meanwhile, on


Scheme 1. Schematic representation of the chemical structures of the
grafted PPEs.


Scheme 2. Chemical structures of the block copolymers and OPE.
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account of the potential application of these copolymers,
poly(2-(carbazol-9-yl)ethyl methacrylate) (PCzEMA),
rather than other flexible polymers such as polystyrene and
poly(methyl methacrylate), was selected as the coil compo-
nent, owing to its unique electronic properties as demon-
strated in our previous studies.[22] Three rod–coil block co-
polymers were synthesized: the linear block copolymer (PL),
the cross-shaped block copolymer (PC), and the T-shaped
block copolymer (PT). Among these copolymers, PC and PT


are the model compounds of GP1 and GP2, respectively.


Results and Discussion


Synthesis and characterization : ATRP, as one of the most
popular controlled radical polymerizations, provides an ef-
fective strategy to construct well-defined polymers with
varying composition, functionality, and also architecture,
which is difficult or sometimes even impossible for the tradi-
tional polymerization technologies.[23] By using a convergent
method with a series of well-known organic reactions, such
as the Sonogashira coupling reaction and the Williamson
ether reaction, the hydroxyl groups were integrated into the
different positions of OPE and the macroinitiator precursors
(compounds 1–8, see Scheme S1 in the Supporting Informa-
tion for their structures), with the aim to construct linear, T-
shaped, and cross-shaped block copolymers. Such precursors
were successfully synthesized in satisfactory yields, shown in
Scheme S1 in the Supporting Information as 4, 7a, and 7b,
respectively. Meanwhile, the model compound 3, oligo(2,5-
dihexyloxy-1,4-phenyleneethynylene), to be used for com-
parison, was also prepared by a similar procedure. Finally,
these macroinitiator precursors were esterified with 2-bro-
moisobutyryl bromide to obtain the final OPE macroinitia-
tors, 8a, 8b, and 8c, with high yields close to 100%. The
chemical structures of both the precursors and the macroini-
tiators were confirmed by 1H and 13C NMR spectroscopy. In
addition, the macroinitiators and 3 (OPE) were further veri-
fied by their matrix-assisted laser desorption ionization-
time-of-flight mass spectra (MALDI-TOF MS) (see Fig-
ure S1 in the Supporting Information).


In our previous work, we studied ATRP of CzEMA, and
well-controlled PCzEMA was gained.[23] In this study, similar
ATRP conditions were used to synthesize block copolymers
with different molecular architectures, but containing the
same components, shown in Scheme 2: PL, PC, and PT. To
the best of our knowledge, this is the first report of the syn-
thesis of an OPE-based T-shaped rod–coil diblock copoly-
mer. The degree of polymerization of each coil block of
these copolymers was pre-designed to be 20. The ATRP
conditions are summarized in Table 1. The polydispersities
and molecular weights of these copolymers were determined
by gel permeation chromatography (GPC). Figure 1 illus-
trates the GPC profiles of the copolymers, and also the
linear macroinitiator (8a) as a representative of the macroi-
nitiators for comparison, indicating that ATRP was per-
formed well upon these macroinitiators and the desired


poly ACHTUNGTRENNUNGmer components with low polydispersities were ach-
ieved.


The chemical structures of these polymers were deter-
mined by 1H and 13C NMR spectroscopy. As a representa-
tive example, the 1H and 13C NMR spectra of PL coupled
with its related macroinitiator (8a) are represented in Fig-
ures 2 and 3, respectively, which all follow linear superposi-
tion of 8a and PCzEMA. In the 1H NMR spectrum of PL,
the existence of the peak at d=1.84 ppm due to the alkoxyl


Table 1. ATRP conditions and results of the block copolymers.[a]


Entry M/S
ACHTUNGTRENNUNG[w/v][b]


t
[min]


Conv.
[%][c]


Mn


(theor)[d]
Mn


(NMR)
Mn


(GPC)[e]
Mw/
Mn


[e]


PC 2:5 150 93 11800 10200 9800 1.16
PL 2:5 150 92 11700 10700 10400 1.18
PT 2:5 120 94 6400 6600 5500 1.14


[a] [dNBpy]/ ACHTUNGTRENNUNG[CuCl]/[I]=4:2:1. All the ATRP reactions were conducted
at 90 8C. [b] Ratio of monomer versus solvent [gmL�1]. [c] The conver-
sion was determined by comparing the relative integrals of the isolated
peaks for monomer and polymer. [d] The theoretical molecular weight
was calculated by the conversion rate of monomer and the monomer-ini-
tiator ratio. [e]Mn and Mw/Mn were determined by GPC using polystyr-
ene standards.


Figure 1. GPC profiles of 8a and the block copolymers.


Figure 2. 1H NMR spectra of 8a and the related block copolymer (PL) in
CDCl3. (Symbols * and # represent peaks from CDCl3 and H2O, respec-
tively).
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sides of the OPE segment (�CH2�) shows the successful in-
corporation of OPE into the block copolymer, while the dis-
appearance of the peak at d=2.08 ppm due to the reso-
nance of �C ACHTUNGTRENNUNG(CH3)Br indicates that 8a is fully initiated in
ATRP. This conclusion could also be drawn from the
13C NMR spectrum of PL, that is, the peaks at d=30.68 and
55.51 ppm (shown as peaks 1 and 2 in Figure 3), assigned to
the �C(=O)C ACHTUNGTRENNUNG(CH3)2Br and �C(=O)C ACHTUNGTRENNUNG(CH3)2Br of 8a, re-
spectively, are absent in the 13C NMR spectrum of PL due to
the local changes in the chemical environment after poly-
merization. Similar results could be obtained from the 1H
and 13C NMR spectra of PT and PC (see Figure S2 in the
Supporting Information). Furthermore, the polymer compo-
sition can be estimated according to the ratio between the
relative integrals of the isolated peak from the carbazyl
proton of the PCzEMA block at d=7.92 ppm (shown as
peak c’ in Figure 2) and the isolated peak from the alkyl
sides of the OPE segment (�CH2�) at 1.84 ppm (shown as
peak 1’ in Figure 2). The results are summarized in Table 1,
and are in line with the data from GPC.


Solid-state structure : The solid-state photophysical proper-
ties of conjugated molecules depend on the solid-state pack-
ing structure, rather than being intrinsic properties.[5] There-
fore investigating the solid-state structures of these com-
pounds would provide useful information for better under-
standing their photophysical properties.


The thermal properties of 3, PL, PT, and PC were exam-
ined by differential scanning calorimetry (DSC) and their
thermograms are depicted in Figure 4. The traces of 3 are
similar to those reported previously,[24] featuring a melting
peak at 118 8C for the second heating scan and a crystalliza-
tion peak at 103 8C for the first cooling scan. After introduc-
tion of PCzEMA as coils, all the copolymers show only a
glass-transition temperature at around 125 8C for the second
heating scan instead of any melting peaks, which is consis-
tent with the PCzEMA homopolymer.[22]


To further identify the solid-state structures of the copoly-
mers and 3, wide-angle X-ray diffraction (WAXD) was car-


ried out (Figure 5). These
WAXD samples were prepared
in the same way as those for
the solid-state photophysical
studies, so that the connection
between the solid-state struc-
tures and photophysics could be
rationalized. It is known that
the solid-state structures of
PPEs can, depending on their
side-chain type and concentra-
tion, display different solid-
state supramolecular organiza-
tion structures, including a cy-
lindrical morphology, a lamellar
one, and an interdigitated
one.[25] Compound 3 shows a set
of clearly resolved reflection


peaks, indicating the highly ordered solid-state structure.
Among these peaks, the sharp first-order reflection peak at


Figure 3. 13C NMR spectra of 8a and the related block copolymer (PL) in CDCl3.


Figure 4. a) DSC profiles of 3, for the first cooling scan and second heat-
ing scan, both at a rate of 10 8Cmin�1. b) DSC profiles of the block co-
polymers for the second heating scan at a rate of 10 8Cmin�1.


Figure 5. WAXD profiles of 3 and the block copolymers.
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2q=4.98 corresponding to a d-spacing of 18 M, and the high
wide-angle reflection peak at 2q=14.48 corresponding to a
d-spacing of 6.19 M, are also present in the polymer counter-
part of 3. This has been attributed to the layered packing
structure in which the stiff main chains are coplanar.[25a] It is
worth noting that the reflection peaks at 2q=23.88 corre-
sponding to a d-spacing of 3.8 M stands for the distance be-
tween the two parallel packed chains. This short distance
usually facilitates the formation of aggregates.[26] In contrast,
these OPE-based block copolymers do not show these char-
acteristic reflection peaks of OPE (3). However, the reflec-
tion peak at 4.18 corresponding to a d-spacing of 21.5 M is
weakly visible for PT and PL, which was often observed for
the conjugated polymers with hexyloxy side groups.[27] The
residue of this peak in PT and PL reflects the small extent of
side chain alignment of the OPE rods. Hence, there should
be a few ordered domains in the thin films of PT and
PL.


[27c–d] However, the invisibility of this peak for PC indi-
cates that PC is less ordered than PT and PL.


The crystalline property and the layered solid-state pack-
ing structure of 3 are evidence of strong p–p interactions,
whereas the lack of melting peak and evident characteristic
reflection peaks regarding the OPE rods for these copoly-
mers is indicative of the greatly reduced p–p interaction of
the rods.


Solution-state photophysics : The optical properties of 3 and
the macroinitiators in dilute solution are shown in Figure S3
in the Supporting Information. The optical properties of 3
and the macroinitiators in the dilute solutions are nearly
identical and in good agreement with their counterparts.[28]


For convenience and clarity, 3, representing all the macroini-
tiators, will be used for the discussion and comparison of the
initiators and their related block copolymers in the follow-
ing sections.


The optical properties of these copolymers in dilute solu-
tions are shown in Figure 6. In the absorption spectra of the
copolymers, two types of absorption bands are present. One
ranging from 300 to 350 nm corresponds to the PCzEMA
blocks, the other between 350 to around 450 nm is due to
the OPE blocks. The absorption spectra also show a compo-


nent-dependence similar to our previous study,[22] reflecting
that the desired component ratios of these copolymers were
achieved. The emission spectra of these copolymers in dilute
solution obtained by excitation at 405 nm are nearly identi-
cal to that of 3, exemplifying the maximal emission peaks at
446 nm from the OPE chromophores.


The formation of low-energy sites is usually a diffusion-
controlled process. Hence, it is often observed in conjugated
oligomers and polymers that owing to the enhanced inter-
chain interactions as well as the occurrence of a sufficient
number of collisions at the concentrated solution, low-
energy sites including excimers or aggregates are always
formed, and this in turn leads to a change of emission spec-
trum.[29–30] To examine the influence of the solution concen-
tration on the emission spectra of these compounds, the
emission spectra with the concentrations of 10�6 and
1 mgmL�1 are shown in Figure 7, all normalized to the maxi-


mal emission peak from the OPE chromophores. The emis-
sion spectrum of 3 in the concentrated solution changes
drastically in contrast to that in dilute solution. The maximal
emission peak located at 446 nm in dilute solution is red-
shifted by 6 nm to 452 nm in the concentrated solution, indi-
cating the adoption of a planar conformation. Furthermore,
the relative intensity at the long-wavelength side increases
sharply, which is consistent with the similar OPE compounds
in the previous report and could be attributed to the forma-
tion of low energy sites.[31] For PL and PT, the maximal emis-
sion peak is also red-shifted by 3 nm and 5 nm, respectively,
and the relative intensity at the long-wavelength side is
slightly increased to a different extent. However, for PC, the
emission band is extremely stable, witnessed by the nearly
identical emission bands at these two different concentra-
tions. It is important to point out that the same phenomenon
could also be observed from a solution using a different sol-
vent, such as toluene or chloroform. Thus the solvent-in-
duced dissimilarity in photophysical properties is not in-


Figure 6. Normalized UV/Vis absorption and PL emission spectra of 3
and the block copolymers in tetrahydrofuran (10�6 mgmL�1). The excita-
tion wavelength is 405 nm.


Figure 7. Normalized PL emission spectra of 3 and the block copolymers
in dilute and concentrated solutions. The excitation wavelength of the PL
emission spectra is 405 nm.
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volved here, because these compounds have the same good
solubility due to the very similar components.[32]


Solid-state photophysics : The solid-state absorption and
emission spectra of 3 and these copolymers are illustrated in
Figure 8. As expected by their solid-state structures, these


copolymers exhibit clearly different solid-state photophysi-
cal properties in contrast to 3. To probe the origin of this
discrepancy, photoluminescence excitation (PLE) and time-
resolved photoluminescence (PL) were carried out at the
same time.


As for 3, both the solid-state absorption spectrum and the
emission spectrum are largely red-shifted relative to those in
the solution state, implying that aggregates may be formed
owing to the layered packing structure as detected by
WAXD. The solid-state absorption spectrum of 3 is compli-
cated, featuring two adjacent peaks at 412 and 424 nm and
also a relatively weak and red-shifted peak at 450 nm
(Figure 8). The solid-state emission spectrum of 3 shows a
maximal peak located at 492 nm with a 45 nm red-shift com-
pared to the dilute solution state. The PLE spectrum of 3
monitored at 492 nm is different from the absorption spec-
trum. It shows a maximal peak at 450 nm (Figure 9). This
shows that the maximal solid-state emission peak mainly
roots from the emission species with the maximal absorption


peak at around 450 nm. Excimers are dimers of the same
chromophores and exist only under excitation, but are disso-
ciative in the ground state. Therefore, the excimers do not
have any absorption peak. On the other side, the aggregates
are the new ground-state species formed by extending the
delocalization of p-electrons over those chromophores.
Hence the aggregates have an absorption peak.[13] Thus the
emission species with the absorption peak at around 450 nm
could result from the aggregates but not from the excimers.
Moreover, the decay dynamics of the emission peak at
492 nm is well fitted by a double-exponential with lifetimes
of 0.614 ns (28%) and 1.96 ns (72%) (Table 2). This shows


that two emission species are responsible for the emission at
492 nm. The double-exponential decay dynamics with the
domination of the longer lifetime safely affirms the forma-
tion of the aggregates.[33] Consequently, the emission species
with the absorption peak at 450 nm could be due to the ag-
gregates. It is known that PPE systems always exhibit signifi-
cant conformation-dependent photophysical properties, as
mentioned in the Introduction section.[14] Thereby, the other
absorption peaks at 412 and 424 nm in the solid-state ab-
sorption spectrum of 3 could be naturally attributed to the
unimolecular OPE with a different extent of backbone pla-
narization.[34] The absence of the emission from the unimo-


Figure 8. a) Normalized UV/Vis absorption spectra and b) PL emission
spectra of 3 and the block copolymers in thin films. The excitation wave-
length is 405 nm.


Figure 9. Normalized PLE spectra of 3 and the block copolymers in thin
films, monitored at 493 nm and 458 nm, respectively.


Table 2. Time-resolved PL decay-fitting parameters of 3 and the block
copolymers.[a]


Entry lprobe [nm] t1 [ns]
[b] t2 [ns]


[b] c2


3 493 0.590 (0.28) 1.96 (0.72) 1.085
500 0.587 (0.20) 2.24 (0.80) 1.119


PC 458 0.621 (1.00) 1.229
500 0.723 (0.84) 2.97 (0.16) 1.051


PL 460 0.606 (1.00) 1.131
500 0.714 (0.78) 2.86 (0.22) 1.273


PT 461 0.599 (1.00) 1.056
500 0.703 (0.65) 2.94 (0.35) 1.211


[a] Films are excited at 371 nm, thereby, excitation of the PCzEMA
blocks of the block copolymers is avoided. [b] Values given in percent-
ACHTUNGTRENNUNGages.
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lecular OPE molecules could be explained by the efficient
energy transfer from them to the aggregates in the solid
state, in which the energy transfer is an efficient three-di-
mensional process.[16] The designation of these peaks coin-
cides with the literature in which the aggregation behaviors
of oligo(2,5-dibutoxy-1,4-phenyleneethynylene), the ana-
logue of 3 in this study, were studied by Pang et al.[28b]


As for these copolymers, in accordance with the WAXD
data, the peak of the aggregates does not show up markedly
in the solid-state absorption spectra due to the evident ab-
sence of strong p–p interactions (Figure 8). Instead, all
these copolymers display two kinds of absorption bands, the
band ranging from 300 to 350 nm and the band between 350
to around 460 nm, corresponding to the PCzEMA and the
OPE blocks, respectively. In contrast to the dilute solution
state, the maximal absorption peaks from the OPE chromo-
phores of these copolymers in the solid state was slightly
red-shifted by 8 nm from 404 to 412 nm. On the basis of the
assignment of the similar solid-state absorption peak at
412 nm of 3, the slightly red-shifted absorption bands stem
from the unimolecular OPE chromophores adopting planar
conformations with respect to the twisted conformations in
the dilute solution. In the solid-state emission spectra, all
these copolymers show a maximal peak slightly red-shifted
by 13 nm relative to that in the solution state (Figure 8).
The PLE spectra of these copolymers monitored at this
maximal solid-state emission peak are almost identical
(Figure 9), showing the broad bands with the maximal peak
at around 418 nm almost equal to those of the solid-state ab-
sorption spectra. This confirms that the emission at around
458 nm comes from the unimolecular OPE chromophores
with the planar conformations rather than from the aggre-
gates. Additionally, time-resolved PL experiments exhibit
single-exponential decay dynamics of these maximal emis-
sion peaks with a lifetime around 0.6 ns, comparable to
around 0.7 ns in the dilute solution (Table 2), which further
proves this conclusion. Meanwhile, it is known that in the
solution state the rotationally disordered chromophores
have to planarize before they emit, while in the solid state
the chromophores are already planarized and no significant
geometric reorganization between ground and excited state
is necessary.[35] Thus, the relatively shorter decay time in the
solid state compared to the dilute solution is also indicative
of the adoption of the planar conformations. A similar phe-
nomenon is also observed for PPEs.[12b] However, it should
be noted that the homogeneous and broad feature of these
absorption bands from 350 to around 460 nm implies that
the OPE rods of these copolymers exist in the solid state
with a variety of conformations, ranging from the less planar
one to the more planar one. Also, because the absorption
peak of the aggregates is liable to be hidden under the inho-
mogeneous broadened absorption spectrum,[36] the possibili-
ty that the aggregates may exist in a very small amount in
these copolymers merits serious consideration, which will be
discussed in the next sections.


From these data, one can see that compound 3 and the
OPE segments of the copolymers have nearly identical pho-


tophysical properties in the dilute solution state, because the
similar twisted conformations are assumed at this approxi-
mately unimolecular level at which molecules are separated.
Upon increasing the solution concentration, intermolecular
behavior begins to occur. As a result, the emission bands of
these compounds change to the different profiles, insinuat-
ing the different extent of the p–p interactions. In the solid
state, molecules contact intensively, and the intermolecular
behavior is maximized. Introducing OPE into the rod–coil
block copolymers greatly destroys the p–p interactions of
the OPE rods due to the shielding effect of the coils.[37]


Therefore, differing from the aggregate-occupied solid-state
spectra of 3, all the copolymers exhibit the solid-state spec-
tra dominated by the signals from unimolecular OPE chro-
mophores with planar conformations. In addition, it can be
confidently concluded that in contrast to the unimolecular
OPE with the twisted conformations, the planar conformers
of the OPE chromophores exhibit maximal absorption and
emission peaks slightly red-shifted by 10–20 nm, while the
aggregates of OPE chromophores have their maximal ab-
sorption and emission peaks greatly red-shifted by 30–
50 nm. This observation is in perfect agreement with the
studies of the effects of chromophore planarization and ag-
gregation on photophysics with 1,4-bis(phenylethynyl)ben-
zene and 1,4-bis(2-hydroxy-2-methyl-3-butynyl)-2-fluoroben-
zene as the model compounds.[17,19]


Effect of molecular architecture on forming the aggregates :
As illustrated by the WAXD data, a few ordered domains
are present in the thin films of PL and PT, inferred from the
weakly visible reflection peak at 4.18. Taking into account
the inhomogeneous broadening in the solid-state absorption
spectra of these copolymers, the possibility of forming the
aggregates of the OPE rods in these small, ordered domains
emerges. Apparently, the solid-state emission spectra of
these copolymers extend to the long-wavelength side, and
overlap the aggregate dominated emission spectrum of 3, as
shown in Figure 8. The relative intensity at 500 nm in the
emission spectra (Figure 8), and the absolute quantum
yields of these copolymers in these thin films, are calculated
and summarized in Table 3. The relative intensities at


500 nm are in the order of PC<PL<PT, while the quantum
yields are in the reversal sequence. It has been widely ob-
served that forming the aggregates is always concomitant


Table 3. Photophysical data for comparison.


Entry PC PL PT


intensity ratio[a] 1.00 1.30 1.70
relative intensity[b] 0.33 0.41 0.51
F[c] 2.70 2.10 1.40


[a] The intensity ratios at 500 nm for the solution concentration of
1 mgmL�1 to that of 10�6 mgmL�1 are calculated from the emission spec-
tra of Figure 7. [b] Relative intensity is according to the emission spectra
of Figure 8b. [c] The fluorescence quantum yields in thin films relative to
3 assuming 1.00 for comparison were obtained from the same samples
used for photophysical measurements.
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with an increase in relative intensity at the long-wavelength
side as well as a decrease in quantum yields,[36b,38] thus one
can foresee that not only are the aggregates of the OPE
chromophores formed for these copolymers, but also the
populations of the aggregates should be different from each
other. It is important to point out that the thin films studied
here were prepared from the same concentration of solu-
tions of the sample in tetrahydrofuran (10 mgmL�1) under
the exactly same spin-casting conditions. Furthermore, the
same phenomenon could also be observed by the thin films
casting from the solutions by using different solvents such as
toluene and chloroform.


To further confirm the existence of the aggregates, PLE
and time-resolved PL spectra were performed at 500 nm.
The PLE spectra of these copolymers monitored at 500 nm
show broad bands extending to the long-wavelength side,
with the maximal peak near 439 nm (Figure 10), which is


different from the PLE spectra monitored at 458 nm with
the maximal peak at 418 nm (Figure 9). Relative the absorp-
tion spectra, we observe that the maximal peaks are largely
red-shifted by around 30 nm, implying that the emission at
500 nm does not come just from the unimolecular species.
To further substantiate the point, time-resolved PL experi-
ments were performed upon these copolymers probing at
500 nm, as shown in Figure 11. As expected, all the decays
are best described by the double-exponential dynamic mech-
anism, and the longer lifetime is comparable to that of the
aggregates of 3, attesting that the aggregates are indeed in
existence. However, differing from the decay of 3 at 500 nm,
all these decays of the copolymers are prevailed by the
shorter lifetime species rather than the longer lifetime spe-
cies of 3. Considering that there is no evident aggregate
peak in the absorption spectra and no reflection peaks at
3.8 nm in WAXD profiles for these copolymers, it is reason-
able to believe that although the aggregates are formed,
they are in an infinitesimal portion. When comparing the
decay dynamics of these copolymers, one finds that the
amount ratios of longer life species related to the aggregates


are different from each other with the sequence of PC<PL<


PT. These different ratios verify that the population of aggre-
gate is different,[33,36] which is the cause of the different rela-
tive emission intensities at the long-wavelength side and dif-
ferent quantum yields of the solid state for these copoly-
mers.


In addition, as mentioned in the previous section, when
increasing the concentration, the emission spectra of these
copolymers turn into different profiles, and the emission in-
tensity at 500 nm increases to a different extent for these co-
polymers as shown in Figure 7. This implies that aggregates
with different amounts for these copolymers are also
formed in the concentrated solutions. The ratio of emission
intensity at 500 nm for the concentration of 1 mgmL�1 to
10�6 mgmL�1 is calculated and summarized in Table 3.
These data are in good accordance with the relative emis-
sion intensity at 500 nm in the solid state, presenting a grad-
ual increase with the same order of PC<PL<PT.


On the basis of this evidence, it can be concluded that the
tendency to form the aggregates is different for these co-
polymers, and determined by the molecular architecture de-
pendent p–p interactions, producing the discrepancy in lu-
minescent properties both in the concentrated solutions and
the thin films. The tendency to form the aggregates of the
OPE chromophores in these copolymers and 3 follows the
order of PC<PL<PT<3.


Origin of the aggregates : It is known that the self-assembly
ability of a conjugated rod–coil block copolymer is governed
not only by the Flory–Huggins interaction and the volume
fraction of the two blocks, but also more importantly by the
p–p interactions between the rods.[39] As a consequence,
concomitant formation of these ordered nanoscopic domains
with the appearance of the aggregates is observed.[6a,b,37a,40]


Thereby, studying the self-assembly ability of these materials
can give a better understanding of the extent of the p–p in-
teractions between the OPE rods, which further helps us un-
derstand the origin of the aggregates.


In this respect, tapping-mode atomic force microscopy
(AFM) was performed. AFM is known to provide a straight-


Figure 10. Normalized PLE spectra of the block copolymers in thin films
monitored at 500 nm coupled with the absorption spectrum of PC for
comparison.


Figure 11. PL decay curves of 3 and the block copolymers in thin films
monitored at 500 nm (excitation at 371 nm).
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forward morphological characterization of surfaces with a
lateral resolution in the order of a few nanometers, and a
vertical resolution in the order of 1 M.[41] Figure 12 shows


the AFM images of these copolymers obtained from the
semiconcentrated solutions of the samples in tetrahydrofur-
an (0.01 mgmL�1). The solutions were deposited on a mica
substrate in a solvent-saturated atmosphere. These copoly-
mers form different morphologies, which is a reflection of
the different self-assembly abilities. Interestingly, PT forms a
rectangular bilayer packing nanostructure with an average
height of 3 nm as shown in Figure 12 a. Glotzer et al. recent-
ly reported the simulation of the self-assembly of a T-
shaped rod–coil block copolymer. They demonstrated that a
rectangular bilayer packing structure of the ribbons rather
than a hexagonal packing structure is most favorable for this
copolymer due to the competition between maximizing the
rod–rod interaction and the entropy contributed by the
coils.[42] Thereby, the very similar nanostructure for PT re-
flects that the p–p interactions of the OPE rods are still in
existence and play an important role in the self-assembly
into this extremely ordered nanostructure. The PL copoly-
mer exhibits a typical nanoribbon structure of a linear rod–
coil block copolymer, with an average width and height of
100 and 20 nm, respectively (Figure 12b).[43] A similar nano-
ribbon structure was also observed for PPE-based linear
rod–coil block copolymers reported by LazzaroniNs group,
which was indicative of the present p stacking of the rod as
one of the important driving forces.[44] However, PC only
shows nanoscale grains with an average diameter and height
of 25 and 4 nm, respectively (Figure 12c). This confirms that
stemming from the shielding of coils at both sides of the
OPE rods, the p–p stacking of the OPE rods of PC are fur-
ther destroyed with respect to PT and PL, which in turn gives
PC a relatively poor self-assembly ability and low suscepti-
bility to form aggregates. The poorer self-assembling ability
of PC relative to PT and PL can also be seen from the
WAXD data as shown in the previous section, that is, the re-
flection peak at 4.18 is absent for PC but present for PT and
PL.


These results manifest that the p–p interaction of the
OPE rods for these copolymers, resulting in these nano-
structures, are different and are modulated by the molecular
architecture. Besides, the resulting different self-assembly
abilities of these copolymers are consistent with the tenden-
cy to form aggregates, as deduced from the photophysical


studies. Consequently, it further confirms the conclusion
that the tendency to form aggregates of the OPE rods in
these copolymers follows the order of PC<PL<PT. More-
over, one can conclude that the residue of ordered nano-
structures in the thin films, in which the p–p interactions of
the OPE rods are present, is the possible origin of the for-
mation of the aggregates for these copolymers.


Conclusion


In summary, we have demonstrated a facile synthetic way to
desirably control the molecular architecture of a conjugated
rod–coil block copolymer through ATRP. To this end, three
new rod–coil block copolymers, consisting of the same OPE
as rod components and the same PCzEMA as the coil com-
ponents, but with different molecular architectures, were
prepared. The underlying supramolecule-regulated photo-
physics of these block copolymers and OPE were systemati-
cally studied in detail by combining the spectroscopic, solid-
state structural, and self-assembly analyses. The solid-state
structures of these compounds were examined by DSC and
WAXD. The results illustrate that OPE has a crystalline, or-
dered packing structure with strong p–p interactions, where-
as the copolymers are nearly amorphous, with greatly re-
duced p–p interactions, especially for PC. In dilute solution,
the copolymers and OPE have almost identical absorption
and emission spectra to the OPE chromophores, verifying
the similar intrinsic photophysical properties. In the solid
state, the absorption and emission spectra of OPE are domi-
nated by the aggregates, while the maximal absorption and
emission peaks of the copolymers are dominated by the uni-
ACHTUNGTRENNUNGmolecular OPE chromophores with planar conformations, in
contrast to those in the dilute solution. These observations
are consistent with the conclusion drawn from the solid-
state structures.


More importantly, the effect of molecular architecture on
the photophysical properties of emissive rod–coil block co-
polymers has been revealed for the first time. As confirmed
by AFM and WAXD, these copolymers have dissimilar p–p


interactions of the OPE rods, dependent on the molecular
architecture, leading to the discrepant tendencies toward ag-
gregates. Thereby, these copolymers have different solid-
state emission spectra and quantum yields. Among three
block copolymers, the block copolymer with the cross-
shaped molecular architecture (PC), which is the model com-
pound of GP1, has the weakest p–p interactions of the OPE
rods and thereby prevents most strongly the formation of
aggregates. The block copolymer with the T-shaped molecu-
lar architecture (PT), which is the model compound of GP2,
is the most susceptible towards aggregates with the strongest
p–p interactions and self-assembly ability. On the basis of
these data, the different spectral changes of the aforemen-
tioned PPE-based graft copolymers upon going from dilute
solutions into thin solid films can be attributed to the dis-
crepant tendency to form aggregates. These findings provide
profound guidelines for engineering supramolecular opto-


Figure 12. AFM phase images (2O2 mm) of a) PT, b) PL, and c) PC.
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ACHTUNGTRENNUNGelectronic devices based on emissive rod–coil block copoly-
mers.


Experimental Section


Characterization : NMR spectra were collected on a Varian Mercury Plus
400 spectrometer with tetramethylsilane as the internal standard.
MALDI experiments were carried out using a Shimadzu AXIMA-
CFRTM plus time-of-flight mass spectrometer (Kratos Analytical, Man-
chester, U.K.). The instrument was equipped with a nitrogen laser emit-
ting at 377 nm, a 2 GHz sampling rate digitizer, a pulsed ion extraction
source, and an electrostatic reflectron. Spectra were acquired in the posi-
tive-ion mode using the reflectron. Elemental analyses were performed
on a Vario EL III O-Element Analyzer system. GPC analysis was con-
ducted with a HP1100 HPLC system equipped with 7911GP-502 and GP
NXC columns by using polystyrene as the standard and THF as the
eluent at a flow rate of 1.0 mLmin�1 at 35 8C. DSC measurements were
performed under a nitrogen atmosphere at heating and cooling rates
both of 10 8Cmin�1, with NETZSCH DSC 200PC apparatus. WAXD data
was obtained on a Bruker D8 Discover diffractometer with GADDS as a
2D detector. Calibration was conducted using silicon powder and silver
behenate. AFM experiments were performed under ambient conditions
and room temperature on a Nanoscope IIIa microscope (Digital Instru-
ments, Santa Barbara, CA) operating in a tapping-mode. UV/Vis spectra
were recorded on a Shimadzu 3150 PC spectrophotometer. Fluorescence
measurements were carried out on a Shimadzu RF-5301 PC spectrofluor-
ophotometer with a xenon lamp as the light source. Time-correlated
single photon fluorescence studies were performed using an Edinburgh
Instruments LifeSpec-PS spectrometer. The LifeSpec-PS comprises a
371 nm picosecond laser (PicoQuant PDL 800B) operated at 2.5 MHz
and a Peltier cooled Hammamatsu microchannel plate photomultiplier
(R3809U-50). Lifetimes were determined from the data by using the Ed-
inburgh Instruments software package. Measurement of the absolute PL
efficiency was performed on LabsphereIS-080 ACHTUNGTRENNUNG(8’’), which contained an in-
tegrating sphere coated on the inside with a reflecting material barium
sulfate, and the diameter of the integrating sphere was 20.3 cm. PL effi-
ciency was calculated from the software attached by LabsphereIS-080-
ACHTUNGTRENNUNG(8’’), and normalized to OPE (3) assumed to be 1.00 for facile compari-
son. The polymer thin films used for the photophysical measurements
and WAXD were all prepared by spin-coating from solution of the sam-
ples in tetrahydrofuran (10 mgmL�1) onto quartz plates at 2500 rpm. The
thickness of the films was about 100 nm.


Materials : All chemical reagents were purchased from Aldrich Chemical
Co. THF was purified by distillation from sodium in the presence benzo-
phenone. Anisole was distilled from calcium hydride and stored under
argon in darkness at 0 8C. Copper(I) bromide (CuBr) was purified ac-
cording to the standard procedure.[45] 1,4-Dihexyloxybenzene,[24] 1,4-di-
hexyloxy-2,5-diiodobenzene,[24] 1,4-diethynyl-2,5-bis ACHTUNGTRENNUNG(hexyloxy)benzene,[24]


2-(4-ethynylphenoxy)-tetrahydro-2H-pyran,[46] 1,4-diiodo-2,5-hydroqui-
none,[47] 2-(carbazol-9-yl)ethyl methacrylate (CzEMA),[22] and poly[2-
(carbazol-9-yl)ethyl methacrylate] (PCzEMA)[22] were synthesized ac-
cording to the literature. The detailed synthesis and characterization pro-
cedures of the macroinitiators and OPE are given in the Supporting In-
formation.


ATRP synthesis of block copolymers : The block copolymers were syn-
thesized by solution polymerization in anisole. In a typical run, a Schlenk
tube was charged with macroinitiator (18.0 mmol), 4,4’-dinonyl-2,2’-dipyr-
idyl (dNBipy) (29.4 mg, 72.0 mmol), CzEMA (200 mg, 716 mmol), and
CuBr (5.16 mg, 36.0 mmol) before it was sealed with a rubber septum.
The Schlenk tube was degassed with three vacuum–argon cycles to
remove air and moisture, and then anisole (500 mL) was added to the
Schlenk tube. The mixture was frozen, evacuated, and thawed three
times to further remove air. The Schlenk tube was immersed in an oil
bath at 90 8C to carry out the polymerization. After a period of time, the
reaction mixture was cooled in liquid N2 in order to quench the polymeri-
zation and diluted with THF, then passed through a column of neutral


alumina to remove the catalysts. The polymers were precipitated into an
excess of methanol and dried in vacuum at 40 8C. Light or primrose
yellow powdery products were obtained.
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Unprecedented Aromatic Homolytic Substitutions and Cyclization of
Amide�Iminyl Radicals: Experimental and Theoretical Study


Aurore Beaume, Christine Courillon,* Etienne Derat, and Max Malacria*[a]


Introduction


Being deeply involved in the development of radical reac-
tions from the angle of both mechanistic studies and syn-
thetic processes, we examined N-acylcyanamides as new
substrates for the two types of approach.[1] Our interest in
radical cyclization cascades[2] and in the discovery of new
radical reaction partners[3] had previously led us to first
study radical cyclizations of ynamides.[4] Our recent success-
ful results in this area and the now well-established role of
radical chemistry in the field of heterocyclic synthesis[5,6]


prompted us to study N-acylcyanamides[1] radical transfor-
mations.


The reactivity of nitriles under radical conditions has
been thoroughly explored[7] and an interesting evaluation
has been reported in the context of radical cyclizations of di-


verse organic structures.[5d,8] However, the first radical use of
suitably designed N-acylcyanamides was only recently re-
ported by us.[1] Iminyl radical chemistry has been well re-
ported in the last decade[9] and was recently applied to the
synthesis of heteroarenes,[10] notably through radical cascade
cyclizations.[5d,11] Nevertheless, N-acylcyanamides differ from
both nitriles[12,13] and ynamides[4] in that they have an addi-
tional nitrogen atom. Thus, original reactivities and access
to polynitrogenated alkaloid structures might be anticipated.


Increasing interest in new synthetic routes to recently iso-
lated quinazoline alkaloids[14] on one hand and the growing
abundance of radical cyclizations of five- and six-membered
heterocyclic rings[15] on the other hand speak for the seminal
aspect of this chemistry.


A particular class of alkaloid that incorporates the pyrro-
loquinazoline chromophore has been isolated from natural
sources[16] and presents a wide range of biological activi-
ties.[17] Among these compounds, luotonin A is a human
DNA topoisomerase I poison, which has been isolated from
Peganum nigellastrum, a Chinese medicinal plant.[18] Ma
et al. have examined the biological activity of luotonin A
and its analogues,[19] while Jahng and co-workers have re-
ported structure–activity studies on this class of com-
pounds.[20] Luotonin A exhibits cytotoxicity toward the
murine leukemia P388 cell line[18] by stabilizing the topoiso-
merase I/DNA complex.[21] This has established luotonin A
as an attractive pyrroloquinazoline target for total synthesis,
which we achieved by a tin-free radical cascade cyclization
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(Scheme 1). Other groups have previously achieved the total
synthesis of luotonin A.[22,23,14] Some of these synthetic ap-
proaches have been based on a radical cyclization key


step.[1,5, 11b,24] For instance, Curran and co-workers synthe-
sized luotonin A and a small library of AB-ring-substituted
analogues by using a bimolecular radical cascade employing
arylisonitrile and propargyl quinazolones.[24] However, none
of these works have yet circumvented the use of tin deriva-
tives in the radical process. Therefore, our access to luotoni-
n A through a tin-free radical key step is particularly attrac-
tive.


In the general scheme of radical cascade cyclization of N-
acylcyanamides, an amide–iminyl radical is formed as an in-
termediate and trapped by an unsaturated moiety, which
can be an aromatic ring. In that case, with a rearomatization
process being expected in the last step, it appeared to us
that trapping by a conveniently substituted aromatic ring
could give us insights into the reaction mechanism.


Indeed, intramolecular homolytic aromatic substitution on
arenes (or heteroarenes) is involved in a growing number of
tin-mediated radical cyclizations.[5h,25] Extrusion of radicals
in ipso-substitution mechanisms[26] or in rearomatization
processes, as achieved in StuderJs group,[27–30] have been de-
scribed recently. We were able to perform homolytic substi-
tution on a substituted aromatic carbon atom during the last
step of the radical cascade. Methyl, methoxy, and fluorine
radical species were consequently extruded, as proved either
by their trapping or by product structure analysis
(Scheme 2).


These results drove us to investigate the mechanism of
the radical cyclization process by a DFT calculation study,
which brings completion to the experimental work.


Results and Discussion


Preparation of the cyclization precursors : Preparing the N-
acylcyanamide substrates was challenging. The preparation
of N-acetylcyanamides, N-benzoylcyanamides, and some of
their derivatives has been reported, but these molecules
often show a lack of stability.[31–34] N-acylcyanamides display
properties in different fields, for instance, as prodrugs of cy-
anamide,[32] enzymatic inhibitors,[35] or heteroanalogues of
ethylenes,[36] so there was also interest in finding a practical
way of preparing them. Although N-acylcyanamides and
their parent compound, cyanamide, have been reported
mainly as unstable compounds, the synthesis of a few of the
N,N-diacyl and N,N-dialkyl analogues has been described
under the experimental conditions that we decided to follow
first.[33–34,37] Therefore, our preliminary preparation installed
the cyanamide moiety by nucleophilic displacement of the
mesylate group of quinoline derivative 1 with the cyanamide
salt (Scheme 3).[37] As the major product present in the


crude material seemed to be the dialkylated cyanamide 2
and in order to prevent the dialkylation process, we treated
the cyanamide sodium salt in a one-pot procedure succes-
sively with a carboxylic acid chloride[32] and with 2-iodoben-
zylmesylate. This latter procedure failed to produce the de-
sired N-acyl-N-(2-iodobenzyl)cyanamides 3, except with the
acetic acid chloride which gave compound 3a (Scheme 3).


Finally, N-acyl-N-(2-iodobenzyl)cyanamides 6 were ob-
tained by following two different cyanation/acylation se-
quences. The cyanation step was performed by addition of
cyanogen bromide either on the amide (second step in
method A, Table 1) or directly on the amine (first step in
method B, Table 2) under basic conditions.[33] In method A,
optimization of the reaction conditions was performed on
N-benzoyl-N-(2-iodobenzyl)amide (5a) and was achieved by
adding three equivalents of BrCN at room temperature
after deprotonation by sodium hydride, a process that gives
73% of the N-benzoyl-N-(2-iodobenzyl)cyanamide (6a). A
lower temperature or the use of two or four equivalents of
BrCN resulted in the formation of N-benzoyl-N-(2-iodoben-
zyl)cyanamide (6a) in a lower yield. Acylation of 2-iodoben-
zylamine (4a), aniline (4m), p-trifluoromethylaniline (4n),
and (2-iodoquinolin-3-yl)methylamine (4o) gave N-benzyl-
or N-arylamides 5a–o in good to excellent yields. Cyanation


Scheme 1. Radical cyclization cascade of N-acylcyanamides.


Scheme 2. Radical extrusion from N-acylcyanamides 3h, 3p, and 3q.
AIBN: azobisisobutyronitrile.


Scheme 3. Preparation of N-acyl-N-(2-iodobenzyl)cyanamides 3a–c from
the cyanamide sodium salt.
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of the latter amides under basic conditions yielded N-acyl-
cyanamides 6a–o in generally satisfactory yields, except for
compounds 5g, 5k, and 5 l which present a nucleophilic acyl
moiety (method A, Table 1). The possible addition of cyano-
gen bromide on the electron-rich unsaturated compounds
5g, 5k, and 5 l may decrease the yield of the cyanamides in
these cases.[38]


To avoid this difficulty, we considered reversing the steps
in the cyanation/acylation pathway (method B, Table 2).[39]


In method B, the cyanation of 2-iodobenzylamine (4a) was
performed by following a literature procedure that describes
the efficient cyanation of benzylamine.[40] Although one
might suggest that the strong conjugation of the nitrogen
doublet in N-(2-iodobenzyl)cyanamide (7) could slow down
the acylation reaction in the second step, previous works
made us believe it could occur.[41] Indeed, not only were cy-
anamides 6g, 6k, and 6 l obtained in much improved yields
by this method but it also afforded new structures such as
N-disubstituted benzoylcyanamides 6p and 6q (36 and
84%), N-furanoyl- and N-thiophenoylcyanamides 6 t and 6u


(73 and 74%), and N-vinylcyanamides 6r and 6s (74 and
54%).


Finally, the preparation methods A and B have provided
us with over 20 N-acylcyanamides, which we could discrimi-
nate by the acyl moiety being either “aromatic” or “vinylic”,
respectively, for type I (6a–j, 6m–q, 6 t, 6u) and type II (6k,
6 l, 6r, 6s) radical precursors. In the following sections, we
describe separately the study of the radical reactivity in
terms of experimental results, mechanistic elucidation, and
DFT calculations for each type of N-acylcyanamide.


Radical cyclization cascades of type I N-acylcyanamides :


Reactivity : N-Acylcyanamides 6a–u could be used as de-
signed precursors for domino processes, which proceeded
smoothly and selectively to close two rings in 57–99% yield.
Only compounds 6b and 6 t did not undergo the cyclization
with success. The nitro group in N-(2-iodobenzyl)-N-(4-ni-
trobenzoyl)cyanamide (6b) was reduced by tributyltin hy-
dride and the reduced product did not cyclize, whereas N-
furanoylcyanamide 6 t did not react under the radical condi-
tions.


N-Benzoyl-N-(2-iodobenzyl)cyanamide (6a) cyclized into
the pyrroloquinazoline 10a with a yield of 71%. Table 3 re-
ports a wide series of cyclizations of type I cyanamides de-
riving from the parent compound 10a ; these compounds
feature an “arenoyl” moiety substituted by electron-with-
drawing/donating groups or presenting a heteroatom. The p-
trifluoromethyl, p-cyano, p-carbomethoxy, and p-methoxy


Table 1. Synthesis of N-acylcyanamides 6a–o by an acylation/cyanation
sequence (method A).


R2 Yield of 5
[%]


Yield of 6
[%]


type I N-acylcyanamides (R1: 2-iodobenzyl)
a C6H5 86 73
b p-NO2C6H4 44 68
c p-CF3C6H4 60 58
d p-CNC6H4 73 33
e p-CO2MeC6H4 90 86
f p-BrC6H4 78 47
g p-OMeC6H4 57 28
h o,o’-(CH3)2C6H3 79 61
i p-C5H4N 73 61
j m-C5H4N 56 49


type II N-acylcyanamides (R1: 2-iodobenzyl)


k >98[21] 17


l >98[21] 20


“reversed” type I N-acylcyanamides (R1: C6H5CH2)


m 100 74


“reversed” type I N-acylcyanamides (R1: p-CF3C6H5CH2)


n 64 37


luotonin A precursor (R1: (2-iodoquinolin-3-yl)methyl)
o C6H5 47 41


Table 2. Synthesis of N-acylcyanamides by a cyanation/acylation se-
quence (method B).


R Yield of 6 [%]


type I N-acylcyanamides
a C6H5 74
g p-MeOC6H4 93
p o,o’-(MeO)2C6H3 36
q o,o’-F2C6H3 83


t 73


u 74


type II N-acylcyanamides


k 70


l 67


r 74


s 54
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derivatives 10c–e and 10g were obtained in good to excel-
lent yields of 72, 99, 74, and 93%, respectively, thereby
demonstrating that the reaction occurs efficiently both with
electron-withdrawing and electron-donating substituents on
the aromatic radical acceptor.


Compound 10u interestingly presents the thienopyrimidi-
none core which has been characterized in potent and selec-
tive melanin-concentrating hormone receptor antagonists.[42]


Entries 5 and 6 of Table 3 expand the cyclization scope to
N-pyridynoylcyanamides giving pyridinopyrimidinones. The
regioselectivity of the transformation of compound 6 j in
particular triggered our mechanistic investigation.


Total synthesis of luotonin A : We reported the closure of the
pyrroloquinazoline skeleton of luotonin A by cyclization of
N-acylcyanamide 6o (Scheme 4).[1] Atom-transfer conditions


with hexabutylditin in refluxing
toluene under irradiation for
6 h successfully yielded luoto-
nin A in 43% yield, thereby
proving our radical cascade
synthetic strategy towards luo-
tonin A.[1]


As the cleavage of the Sn�
Sn bond requires intense UV
irradiation,[43] we did not
expect that the daylight pro-
vided by our lamp could effi-
ciently break it. Instead, it
probably abstracts the iodide
radical and creates the aryl
radical, as demonstrated by the
yield of 15% of luotonin A
(65% of 6o is recovered) ob-
tained upon irradiation of cy-
anamide 6o for nine hours in
refluxing toluene. Irradiation
of the cyanamide is indeed suf-
ficient to start the radical cycli-
zation cascade of 6o, but free
iodide radicals are not trapped
in this tin-free process and
could be responsible for the
observed degradation through
the formation of hydrogen
iodide. To avoid this acidic side
product, pyridine has proved
to be efficient in radical addi-
tions of aryl iodides to
arenes.[44] Besides this, other


examples of the use of a nitrogen base under radical condi-
tions have been reported. For instance, Cossy et al. reported
that triethylamine allowed the formation of the unsaturated
radical moiety upon irradiation of unsaturated halides.[45]


The last step in the formation of luotonin A implies a rearo-
matization process which we thought might be induced by
dioxygen, as previously described.[44] Taking into account the
precedent studies, we tried different sets of experimental
conditions. In these different assays, benzene proved to be a
better solvent than toluene (24% instead of 15% yield).
Addition of one equivalent of pyridine in the presence of
air in toluene increased the yield to 38%. Finally, the best
conditions were the irradiation of cyanamide 6o in refluxing
benzene with five equivalents of pyridine in the presence of
air, conditions which successfully yielded 54% of luotonin A
in a tin-free cyclization process (Scheme 4).


Mechanistic study : The mechanism of the radical cascade
begins with the abstraction of the iodide radical and the for-
mation of the aryl radical, which is then trapped by the cy-
anamide triple bond. The subsequently formed amide�
iminyl radical cyclizes on an aryl substituent either by direct
addition to form the hexadienyl radical which undergoes


Table 3. Cyclization of type I N-acylcyanamides 6 into heterotetracyclic compounds 10.


Entry R Product Yield [%]


1 71


2 72


3 99


4 74


5 93


6 56


7 79 (10 j/11 2.2:1)


8 57


Scheme 4. Tin-free cyclization key step in the total synthesis of luoto-
nin A.
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rearomatization (pathway A, Scheme 5) or by a [1,5] ipso
substitution (pathway B, Scheme 5) which gives a spirocyclo-
hexadienyl radical species. The latter possibility ends either
by attack of the arene radical on the nitrogen atom (path-
way B1, Scheme 5) or on the carbonyl function (pathway B2,
Scheme 5).


Pathways A and B give different products when the aro-
matic ring is substituted or includes an heteroatom. Al-
though iminyl radicals have already been reported to under-
go a [1,5] ipso substitution on an aryl moiety under flash
vacuum pyrolysis,[46] several pieces of evidence led us to
decide for the direct addition/rearomatization pathway (A).
Indeed, the quantitative transformation of the p-cyanoben-
zoylcyanamide 6d into the sole tetracyclic regioisomer 10d
(entry 3, Table 3) indicates that pathways A and/or B1 have
been followed. The pyridine derivatives 6 i and 6 j are good
probes for this mechanistic determination (Scheme 6). The
para-carboxylpyridinylcyanamide 3 i would give compound
10 i through pathways A/B1 whilst compound 11 would be
obtained through pathway B2. Experimentally, we isolate
only one tetracyclic product the 1H NMR spectroscopic
analysis of which shows a proton singlet at d=9.23 ppm,
which fits with the structure of compound 10 i, whilst the
corresponding singlet in compound 11 is expected at a lower
field (around d=9.5–9.6 ppm).


Besides this, pathway B2 would transform compound 6 j
into one sole regioisomer, 12 (Scheme 6), which presents no
singlet signal for the pyridinyl protons. After cyclization of
compound 6 j, we isolated two different regioisomers, 10 j
and 11; the latter presents a singlet NMR signal (d=


9.6 ppm) for one of the protons linked to the pyridine
moiety (as proposed in path-
way B2 for 6 i of Scheme 6).
This is exactly what we can
predict if compound 6 j should
react along pathways A/B1.


We can definitely abandon
the [1,5] ipso substitution/C�
CO bond cleavage hypothesis
(pathway B2). We could not
experimentally discriminate
between pathways A and B1,
which should give the same
product, and we decided to ad-
dress this question through a
DFT study of the two path-
ways.


The different mechanistic
processes occurring during the radical cyclization will be dis-
cussed from a DFT point of view on the basis of the results
shown in Figure 1 for the compound with a phenyl substitu-
ent. The starting point of the energetic profile is the reagent
called 1H, an amide�iminyl radical species generated by the
first step of the radical cascade. The radical is mainly local-
ized on the nitrogen atom of the iminyl moiety (0.97 of spin
density, UB3LYP/BS1). From 1H, there are two options, as
explained in Scheme 5: either direct addition on the ortho
carbon atom of the phenyl ring (TS12H) or an attack on the
ipso carbon atom (TS13H). According to DFT calculations,
the ortho process is easier than the ipso process. At the
BS2//BS1 level of calculations, the difference between them
is 5.8 kcalmol�1. Nevertheless, we will continue to evaluate
the feasibility of the ipso process by looking at the subse-
quent steps, as the ratio between the ortho and ipso process-
es could be expected to vary depending on the substituents
on the phenyl ring. From 3H, there are two mechanistic pos-
sibilities to create finally 2H. The first one is to generate an
aziridine by creating a bond between the nitrogen and the


Scheme 5. Two mechanistic pathways for the addition of the amide�iminyl radical on an arene.


Scheme 6. Mechanistic fate of the pyridine derivatives 6 i and 6j.
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ortho carbon atoms, leading to 4H. In a second step, the
bond between the nitrogen atom and the ipso carbon atom
is broken, which gives 2H directly. One can see from
Figure 1 that this process is very high in energy, as the inter-
mediate 4H is metastable (27.1 kcalmol�1 above 3H at the
BS2//BS1 level). The other mechanistic possibility is to gen-
erate an intermediate acyl radical (5H) by breaking the
bond between the ipso carbon atom and the carbonyl
carbon atom. In fact, this mechanism was found while
searching for a pathway leading to the intermediate of
mechanism B2 (see Scheme 6). This cyclopropane with a
radical centered on the oxygen atom cannot be found and
instead intermediate 5H is calculated. This acyl radical is
subsequently rearranged to form 2H’ by creation of a C�C
bond with a carbon atom in the ortho position with respect
to the imine group. This process is clearly far easier than the
aziridine process as the highest barrier is only 14.01 kcal
mol�1 (BS2//BS1 level). From all of these computational
data, we can establish that pathway A is clearly favored in
the case of aromatic substitution and the formation of an
aziridine as an intermediate (through pathway B1) is a very
unlikely process.


We could still improve our
experimental knowledge con-
cerning the 6-endo-trig step by
studying the fate of the
amide�iminyl radical upon
trapping by a carbon atom in a
substituted aromatic ring.
Therefore, we prepared N-(2,6-
disubstituted-benzoyl)-N-(2-io-


dobenzyl)cyanamides 6h, 6p,
and 6q (Table 1 and 2) and sub-
mitted them to the usual radical
cyclization conditions. The di-
methyl derivative 6h was trans-
formed into the tetracyclic pyr-
roloquinazoline 10h (Scheme 7)
in 88% yield by extrusion of a
methyl radical which we were
fortunate enough to trap by ad-
dition of benzylidenemalononi-
trile. The dimethoxy derivative
6p cyclizes into compound 10p,
containing only one methoxy
group (49%; Scheme 7). The
loss of one methoxy radical is
proved by the structure of the
product but this easily reduced
radical species could not be
trapped by either phenylviny-
lether (up to ten equivalents)
or benzylidenemalononitrile. To
avoid reduction of the extruded
methoxy radical species, atom-
transfer conditions (30% of
10p) have been tested in the


presence of a radical acceptor but no trapping was ever ob-
served. The cyclization of the difluoro-substituted cyana-
mide 6q differs from the two former examples by giving two
monofluorinated regioisomers 10q and 13, respectively, in
73 and 15% yield (Scheme 7). Extrusion of heteroatomic
radicals has been previously reported[27–30] and so has homo-
lytic substitution on arenes;[5h,25] nevertheless, homolytic
substitution of a substituted arene by an iminyl radical fol-
lowed by extrusion of the substituent as a carbon- or fluo-
rine-centered radical species is a new and promising feature
in the field of radical reactions. It appears appropriate and
logical to propose a similar mechanism for the formation of
10h, 10p, and 10q by homolytic substitution of methyl, me-
thoxy, and fluorine radicals by the amide�iminyl radical.
However, the formation of 13 requires further elucidation
through modeling and calculations.


If substituents are introduced on the phenyl ring of the
substrate that traps the final radical, one can observe some
modifications in the energetic profile. These are summarized
in Figure 2. First of all, the ipso substitution is now more fa-
vorable than the ortho substitution. The difference is small
for the dimethyl substitution (0.82 kcalmol�1 at the BS2//


Scheme 7. Extrusion of methyl, methoxy, and fluorine radical species. [a] The minor regioisomer 13, bearing a
fluorine atom at the b-position with respect to the nitrogen atom, is obtained in a yield of 15%.


Figure 1. Energetic profile summarizing the different processes occurring during the cyclization of the sub-
strate with a phenyl substituent. Geometries are optimized at the UB3LYP/BS1 level. The red and blue single-
headed arrows show the two possible attacks in each case and not the complete electronic reorganization for
clarity.
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BS1 level) but more important for the difluoro substitution
(2.41 kcalmol�1 at the BS2//BS1 level), and the greatest dif-
ference is obtained for the dimethoxy compound (6.94 kcal
mol�1 at the BS2//BS1 level). The minor product observed
experimentally for the difluoro-substituted substrate can
thus be explained by the ipso mechanism followed by the re-
arrangement called pathway B2 in Scheme 6.


The low yield obtained experimentally in the case of the
dimethoxy substrate can also be attributed to this pathway.
As there is a high transition state for the last step
(TS56OMe), the radical intermediate 5OMe may decom-
pose and therefore no other product can be observed. For
the dimethyl substrate, the difference between the ortho and
ipso processes is too small to make conclusions on the basis
of the DFT calculations. Experiments show us that the ortho
process is more favored.


One of the striking features of this radical reaction is the
fact that for the dimethylphenyl-substituted reagent, a
methyl radical is spontaneously eliminated during the propa-
gation steps. It is shown in Figure 3 that this process can
occur after the formation of 2Me, through a transition state
(TsdMe) which is only 14.62 kcalmol�1 (BS2//BS1 level)
above 2Me. The cost of breaking a C�C bond in the a posi-
tion with respect to a radical is therefore minimal compared
to the common value of a C�C bond. This radical departure
was also found experimentally in the case of dimethoxy-
phenyl substrate. DFT calculations show that the process is
even easier in that case (barrier of 6.91 kcalmol�1 at the
BS2//BS1 level) and more exothermic.


In the case of type I N-acylcyanamides 6n and 6m, the
amide�iminyl intermediate radical is expected to be trapped
by the aromatic part of a benzyl moiety (Scheme 8), where-


Figure 2. Energetic profile summarizing the different processes occurring during the cyclization of the substrate with a di-ortho-substituted (F, Me, OMe)
phenyl group. Geometries are optimized at the UB3LYP/B1 level.


Scheme 8. 5-exo-dig cyclization of “reversed” type I N-acylcyanamides 6n
and 6m.


Figure 3. Methyl departure and rearomatization of 2Me. Geometries are
optimized at the UB3LYP/BS1 level. The structure of the transition state
for the departure of the methyl radical (TSdMe) is also shown.
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as in the precedent examples (type I compounds 6a, 6c–e,
6g, 6 i, 6 j, and 6u ; displayed in Table 3) the radical trap is a
benzoyl entity.


Under slow-addition radical conditions, N-acylcyanamide
6n is transformed into the 5-exo-dig/reduction imine product
14n in 86% yield when Bu3SnH is the mediator. To avoid as
much as possible the reduction of the amide�iminyl radical
into the imine 14n, atom-transfer[47] conditions with Bu6Sn2


were tried in toluene and in the less reductive benzene to
yield, respectively, 70 and 90% of 14n together with less
than 10% of the initial material 6n. As we targeted the best
nonreductive experimental conditions we could achieve, we
tried to cyclize compound 6n with Ph6Sn2 in refluxing ben-
zene (Scheme 8). Satisfactorily, only these conditions afford-
ed the tetracyclic product 10n, in 30% yield. Having avoid-
ed the reduction of the amide�iminyl radical as much as
possible, the second step was to take into account the struc-
ture of the aromatic acceptor. As the type I cyanamides de-
picted in Table 3 have an electron-poor benzoyl moiety, our
next assays consisted of modifying the structure of the aro-
matic acceptor by linking to it the trifluoromethyl electron-
withdrawing group, as in 6m (Scheme 8). In that case, the
best set of experimental conditions is also Ph6Sn2 in benzene
but only trace amounts of 10m are isolated.


Compound 10n is stable on silica gel and under the
Ph6Sn2/refluxing benzene conditions; therefore, it neither
degrades into the imine during the purification steps nor
during the reaction. However, it undergoes partial conver-
sion into imine 14n when resubmitted to the Bu3SnH/AIBN
medium, so the hypothesis of a transformation of 10n into
14n could not be discarded. The difference in reactivity be-
tween the two “reversed” compounds 6n and 6m and the
other type I N-acylcyanamides may find its origin in differ-
ent structural features. The structure of the amide�iminyl
radical formed from compound 6n allows two different ro-
tamers O1 and P1, with P1 being favored (Scheme 9). In


compound 6a, the amide�iminyl radical can probably not
face the carbonyl–oxygen free doublet without a strong re-
pulsion, thereby implying that rotamer O2 is favored in this
case. Moreover, the equilibrium between the amide�iminyl
radical and the final radical is easily displaced towards the
latter species if the last oxidation step has a driving force.[48]


DFT calculations helped us to rationalize the reactivity of
the “reversed” type I N-acylcyanamides 6n and 6m. To un-


derstand the difference in reactivity between the two car-
bonyl systems, DFT calculations were done on the two types
of system. In Figure 4, some data are shown that were ex-
tracted from these calculations. We compared the same tran-


sition state of cyclization (ortho attack). In the case of the
normal type I compound, the barrier is found to be 8.88 kcal
mol�1 (UB3LYP/BS1 level, ZPC included). For the reversed
type, the barrier is now 14.80 kcalmol�1. In that case, one
expects some noticeable differences between these two dif-
ferent structures. When the carbonyl group is near to the re-
active center (type I), the process should be more ionic than
when the carbonyl group is not directly related to the cycli-
zation (reversed type I). In fact, according to the DFT calcu-
lations, the Mulliken atomic charges are rather similar for
the two cases at the transition state, which means that the
reaction is mainly radical. This is moreover confirmed by
the HOMO and LUMO for the two systems, which show no
(or small) weight on the carbonyl groups.


The lack of reactivity of the reversed-type system can be
mainly attributed to conformational differences between the
two types of system (see Figure 5). Analysis of data extract-
ed from relaxed scans clearly shows that, when the phenyl
group is attached to the carbonyl group, minima on the po-
tential energy surface are well suited for an ortho attack.
However, in the reversed system, the best conformation for
such an attack is, in fact, a transition state corresponding to
the benzyl rotation (around 10–12 kcalmol�1 above).


Scheme 9. The importance of the amide position for the mechanism.


Figure 4. A) The Mulliken atomic charges obtained at the UB3LYP/BS1
level (I) transition state of ortho cyclization, II) LUMO of the transition
state at ortho cyclization, and III) HOMO of the transition state at ortho
cyclization) for the “right” carbonyl system. B) The same information for
the “left” carbonyl system.


Chem. Eur. J. 2008, 14, 1238 – 1252 E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1245


FULL PAPERAmide�Iminyl Radical Cascade Cyclizations



www.chemeurj.org





Radical cyclization cascades of type II N-acylcyanamides :


Reactivity : Radical cyclization cascades of type II N-acylcya-
namides proceeded smoothly with good yields ranging from
66 to 79%. The diastereoselectivity of the formation of the
cyclohexyl derivative 10 l (71%) yielded the cis derivative as
the main isomer and has been confirmed by X-ray analysis
of the minor diastereomer, which showed a trans stereo-
chemical relationship between the two rings (entry 2,
Table 4). A study of this reaction at different temperatures
gave a good indication that the
cis-fused ring was indeed the
kinetic product, an experimen-
tal result that has been totally
confirmed by the calculations.


Entries 3 and 4 of Table 4
report the reactivity of substi-
tuted enamides 6r and 6s,
which are good mechanistic
probes for this reaction. The
N-crotylcyanamide 6r is trans-
formed into one sole fully
characterized compound 10r,
the X-ray analysis of which
fully confirmed that the methyl
substituent is on the carbon
atom at the a-position with re-
spect to the sp2 nitrogen atom.
To enlarge the type of substitu-
ents tolerated on the vinyl
moiety to electron-withdrawing
groups, we decided to prepare


N-(2-ethylcarboxyvinyl)cyanamide 6s, which leads chemose-
lectively to two isomeric esters 10s and 10s’ in a 1.8:1 ratio
(79%). The aromatic hydroxyimidazole substructure of 10s
surely makes it a more stable tautomeric form than the
amido ester produced after the 5-exo-trig cyclization/reduc-
tion sequence on 6s.


Mechanistic study : These results led us to rationalize the
possible mechanistic evolution of the intermediate amide�
iminyl radical which can cyclize in a 6-endo-trig mode along


Table 4. Cyclization of type II N-acylcyanamides 6 into polycyclic compounds 10.


Entry R Product Yield [%]


1 66


2 71 (cis/trans 2:1)


3 79


4 79 (10s/10s’ 1.8:1)


Figure 5. Conformational analysis through relaxed scans on the dihedral angles implied in the cyclization process. Calculations were done at the
UB3LYP/BS1 level. Only the region of the scan in which the phenyl ring is closed to the radical is computed.
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pathway E (Scheme 10). Pathway F implies a 5-exo-trig cyc-
lization giving a carbon-centered radical species that can
follow two different subpathways, F1 and F2. Pathway F1


starts with the attack on the imine nitrogen atom and goes
on with the rearrangement of the intermediary aziridine.
The one-carbon ring expansion of pathway F2 has already
been described[49] with the formation of an oxygen-centered
cyclopropyloxy radical that can rearrange in a transposition
previously reported by Dowd, Beckwith and co-work-
ers.[12d,50] In the case of the N-crotylcyanamide 6r, the exper-
imentally obtained product 10r may have been formed
through pathways E and/or F1. The obtention of two re-
gioisomers from the ester derivative 6s shows that path-
way F2 has also been followed in this case. This indicates


that the mechanism depends very much on the substitution
of the vinyl moiety. These results have been usefully ration-
alized by calculations.


DFT calculations : In Figure 6 are summarized the main re-
sults of the computational study for the type II cyclizations,
that is, those with vinylic substrates instead of aromatic sub-
strates. Two vinylic substrates were studied: the simple vinyl
(labeled as V in Figure 6) and an acrylate (labeled as A).
One can see from Figure 6 that pathway E is favored for the
vinyl substrate. The exo-trig cyclization leading to different
pathways (F1, F2, F3) through TS13V is less favorable.
From 3V, pathway F2, which is a concerted rearrangement,
can be eliminated. The cyclopropyl intermediate for this
pathway, postulated in Scheme 10, was not found. Instead
we found, as with the aromatic case, an acyl radical inter-
mediate (5V), which subsequently undergoes an easy 6-
endo-trig closure (TS56V). The process through intermedi-
ate 4V can be excluded as pathway F3 is easier. Therefore,
the only mechanistic pathway to obtain 2V is the direct 6-
endo-trig cyclization. When the vinyl group is substituted by
an ester moiety, it is observed experimentally that two prod-
ucts are formed, corresponding to the direct reduction of 3A
(10s) and to 6A (10s’). The 3A product is obtained through
direct 5-exo-trig cyclization, which is more favored than the
6-endo-trig cyclization. The 6A product is obtained through
pathway F3 (through an acyl radical intermediate), the
lowest pathway starting from 3A.


In the case of a substitution by a cyclohexenyl group, the
radical cyclization leads to a mixture of diastereoisomers
(see Table 4 and Figure 7). It is shown experimentally that
the ratio between the trans and cis configurations is temper-


Scheme 10. Different pathways for the radical cyclization of type II N-
acylcyanamides.


Figure 6. Energetic profile summarizing the different processes occurring during the cyclization of the substrate with a vinyl (X: V) or acrylate (X: A)
group. Geometries are optimized at the UB3LYP/BS1 level.
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ature dependent. Therefore, the formation of the stereogen-
ic centers is controlled by the kinetics of the reaction. This
is further confirmed by DFT calculations. As in the case of
vinyl substrates, there is first a [1,6] attack of the amide�
iminyl radical on the double bond of the cyclohexenyl group
(through TS12C, see Figure 7). This costs only 3.54 kcal
mol�1 at the best level (BS2//BS1 level). From 2C, there are
two ways for the hydrogen donor (Et3SnH in the DFT
models instead of Bu3SnH experimentally) to perform the
reduction: either from the opposite face of the new sp3 C�H
bond created by TS12C or from the same face. This gives
two transition states of reduction, TS23Ctrans and
TS23Ccis. The cis process is clearly favored at the BS1 level
(0.69 kcalmol�1) and the BS2//BS1 level (0.61 kcalmol�1).
Looking at the trans transition state, one can see the radical
is making a pocket, inside which Et3SnH should approach to
transfer the hydrogen atom. In the cis approach, there is less
steric repulsion between the radical and Et3SnH, with the
cyclohexyl moiety being distorted on the opposite face. This
is why the kinetic product is mainly obtained during this re-
action: the approach of the reductor Bu3SnH is easier in the
cis configuration.


Computational Details


All of the structures were calculated by DFT by using the
unrestricted hybrid functional UB3LYP[51] and the double-
zeta basis set LACVP(d),[52] henceforth termed BS1, which
includes an effective core potential for heavier elements like
Sn. In geometry optimization procedures, we use the
JAGUAR 6.5[53] program and subsequently employ the


Gaussian 03[54] software for ana-
lytic frequency calculations. Re-
action pathways were verified
by a scan along a given coordi-
nate, while optimization was
free along all other coordinates.
Single-point calculations were
carried out, on the optimal spe-
cies, with the larger basis set
LACV3P ACHTUNGTRENNUNG(d,p), henceforth
termed BS2, for energy evalua-
tion. These calculations are la-
beled in the usual way as being
performed at the BS2//BS1
level. The data are summarized
in the Supporting Information.


Conclusion


N-Acyl-N-(2-iodobenzyl)-cyan-
amides are a new and quite ef-
fective source of amide�iminyl
radicals. Their reactivity opens
up a general access to pyrrolo-


quinazoline-type polycyclic N-heterocycles through radical
processes. A broad variety of pyrimidones fused with alkyl,
aryl, or heteroaryl moieties can be prepared in this way. As
an illustration of this transformation, luotonin A, a naturally
occurring alkaloid, has been prepared through a tin-free
radical key step. Another field of reactivity could be discov-
ered in the case of suitably designed aromatic N-acylcyana-
mides that released methyl, methoxy, and fluorine radicals
in an unprecedented homolytic substitution. Theoretical
work aimed at the elucidation of the mechanism has been
pursued in closed relationship with the experimental study
and has corroborated the bench results to provide a com-
plete study of the reactivity of N-acylcyanamides.


Experimental Section


General : 1H NMR and 13C NMR spectra were recorded at room temper-
ature at 400 MHz on an ARX 400 Bruker spectrometer. Chemical shifts
(d) are reported in ppm referenced to the residual proton resonances of
the solvents. Coupling constants are expressed in Hertz. We use the nota-
tion (I), (II), (III), and (IV) to characterize primary, secondary, tertiary,
and quaternary carbon atoms. IR spectra were recorded with a Bruker
Tensor 27 (ATR diamond) spectrometer. Thin-layer chromatography
(TLC) was performed on Merck 60F254 silica gel. Merck Geduran SI
silica gel (40–63 mm) was used for column chromatography. The melting
points reported were measured with an SMP3 Stuart Scientific melting
point apparatus and are uncorrected. THF and Et2O were distilled over
sodium/benzophenone and CH2Cl2 was distilled from CaH2. Compounds
3a, 5a–f, 5 i–l, 5o, 6a–f, 6 i–l, 6o, 6s–u, 7, 9, 10a, 10c–e, 10 i–l, 10u, and
11 have been previously described.[1]


Preparation of N-acyl-N-(2-iodobenzyl)cyanamides 3a–c : Sodium hy-
dride (10 mmol) was added to a cold (0 8C) stirred solution of cyanamide
(5 mmol) in THF (15 mL). When gas evolution had ceased, acyl chloride
was introduced at 0 8C and the mixture was stirred at room temperature


Figure 7. Energetic profile for the radical cyclization with a cyclohexenyl group. The experimental data show
the minor stereoisomer is trans. Geometries are optimized at the UB3LYP/BS1 level.
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for 48 h. The solution was then treated with 2-iodobenzylmethanesulfo-
nate (5 mmol) and refluxed overnight before a solution of saturated
sodium carbonate was added. Extraction with diethyl ether and drying
over MgSO4 gave the expected crude compound, which could be purified
by chromatography on silica gel.


N-Cyano-N-(2-iodobenzyl)pivalamide (3b): Yield: 5%; 1H NMR
(400 MHz, CDCl3): d=7.87 (d, J=7.8 Hz, 1H; Harom), 7.37 (m, 2H;
Harom), 7.07 (m, 1H; Harom), 5.18 (s, 2H; ArCH2), 1.43 ppm (s, 9H; C-
ACHTUNGTRENNUNG(CH3)3);


13C NMR (100 MHz, CDCl3): d=186.4 (IV), 139.8 (III), 136.9
(IV), 130.6 (III), 130.2 (III), 128.5 (III), 112.2 (IV), 98.2 (IV), 74.9 (II),
41.8 (IV), 27.0 ppm (I, 3C); IR (neat): ñ =2976, 2168, 1601, 1304,
1213 cm�1.


General procedure for the synthesis of amides : N,N-Dimethylformamide
(DMF; 2 drops) and oxalyl chloride (1 mL, 1.5 equiv) were added to a so-
lution of the appropriate acid (5 mmol) in benzene (15 mL). When gas
evolution had ceased, the reaction mixture was concentrated under
vacuum to afford the crude acyl chloride, which was used without further
purification. Et3N (15 mmol) was added to a solution of the appropriate
amine (5 mmol) in CH2Cl2 (20 mL). The acyl chloride (5 mmol) in
CH2Cl2 (20 mL) was added to this mixture. After 30 min, a solution of sa-
turated ammonium chloride was added. Extraction with CH2Cl2 and
drying over MgSO4 gave crude amides, which could be purified by chro-
matography on silica gel or used without further purification.


N-(2-Iodobenzyl)-2,6-dimethylbenzamide (5h): Yield: 79%; white solid;
m.p. 124–126 8C; 1H NMR (400 MHz, CDCl3): d=7.83 (m, 1H; Harom),
7.52 (m, 1H; Harom), 7.35 (m, 1H; Harom), 7.14 (m, 1H; Harom), 6.99 (m,
3H; Harom), 6.17 (br s, 1H; NH), 4.67 (d, J=5.8 Hz, 2H; ArCH2),
2.26 ppm (s, 6H; Ar ACHTUNGTRENNUNG(CH3)2);


13C NMR (100 MHz, CDCl3): d=170.3 (IV),
140.4 (IV), 139.6 (III), 137.3 (IV), 134.4 (III), 130.5 (IV, 2C), 129.6 (III),
128.9 (III), 128.8 (III), 127.6 (III, 2C), 99.4 (IV), 48.5 (II), 19.3 ppm (I,
2C); IR (neat): ñ=3250, 3058, 1638, 1505 cm�1; elemental analysis: calcd
(%) for C16H16INO: C 52.62, H 4.42, N 3.84; found: C 52.69, H 4.44, N
3.85.


N-Benzyl-2-iodobenzamide (5n): Yield: 100%; yellow solid; m.p. 104–
106 8C; 1H NMR (400 MHz, CDCl3): d =7.79 (d, J=8.1 Hz, 1H; Harom),
7.35–7.24 (m, 7H; Harom), 7.02 (m, 1H; Harom), 6.49 (br s, 1H; NH),
4.52 ppm (d, J=5.8 Hz, 2H; ArCH2);


13C NMR (100 MHz, CDCl3): d=


169.3 (IV), 141.9 (IV), 139.8 (III), 137.7 (IV), 131.0 (III), 128.6 (III, 2C),
128.2 (III), 128.1 (III, 3C), 127.5 (III), 92.6 (IV), 44.0 ppm (II); IR
(neat): ñ=3269, 1640, 1584, 1518 cm�1; elemental analysis: calcd (%) for
C14H12INO: C 49.87, H 3.59, N 4.15; found: C 49.68, H 3.51, N 4.07.


2-Iodo-N-(4-(trifluoromethyl)benzyl)benzamide (5m): Yield: 64%; white
solid; m.p. 163 8C; 1H NMR (400 MHz, CDCl3): d=7.85 (dd, J=8.1,
1.0 Hz, 1H; Harom), 7.60 (d, J=8.1 Hz, 2H; Harom), 7.52 (d, J=8.1 Hz,
2H; Harom), 7.39 (m, 2H; Harom), 7.10 (m, 1H; Harom), 6.27 (br s, 1H; NH),
4.68 ppm (d, J=6.0 Hz, 2H; ArCH2);


13C NMR (100 MHz, CDCl3): d=


169.5 (IV), 141.8 (IV), 140.1 (III), 131.5 (III), 128.5 (III), 128.4 (III, 2C),
128.3 (III), 125.8 (III), 125.7 (III), 92.5 (IV), 43.7 ppm (II); IR (neat): ñ=


3261, 1325, 903, 723 cm�1; HRMS (ES+ ): m/z : calcd for C15H11NOF3NaI:
427.9735; found: 427.9740; elemental analysis: calcd for C15H11F3INO: C
44.47, H 2.74, N 3.46; found: C 44.37, H 2.69, N 3.42.


General procedure for the preparation of N-acylcyanamides :


Method A : Sodium hydride (1.1 equiv) was added to a solution of the
amide (1 mmol) in distilled THF (8 mL). After gas evolution, cyanogen
bromide (3 equiv) was added and the mixture was stirred at room tem-
perature. After 20 h, the reaction mixture was filtered through a short
pad of silica gel and the filtrate was concentrated. The solid obtained was
purified on silica gel to give the N-acylcyanamide. The remaining starting
material was also isolated.


Method B : Sodium carbonate (2 equiv) and N-(2-iodobenzyl)amine
(1 equiv) in diethyl ether (2.5 mL) were added to a solution of cyanogen
bromide (10 mmol, 1 equiv) in diethyl ether (2.5 mL) at �15 to �20 8C.
The reaction mixture was stirred for 2 h and then allowed to warm to
0 8C. The mixture was filtered through Celite and concentrated. It was
then purified on silica gel (petroleum ether/ethyl acetate 8:2) to afford
the cyanamide as a white solid. The N-(2-iodobenzyl)cyanamide (258 mg,
1 mmol, 1 equiv) was dissolved in a mixture of water and THF (1:1,


3 mL) and KOH (56 mg, 1 equiv) was added. The mixture was stirred for
30 min and concentrated under reduced pressure. Water was removed by
azeotropic evaporation with toluene.


The previously prepared potassium salt of the cyanamide was taken up in
benzene (1 mL) and the acyl chloride (2 equiv) was added dropwise at
0 8C. After 2 h, the mixture was extracted with dichloromethane and
washed with water. The organic phase was dried with magnesium sulfate,
filtered, and concentrated under reduced pressure. It was purified on
silica gel to afford the acyl cyanamide.


N-Cyano-N-(2-iodobenzyl)-4-methoxybenzamide (6g): Yield: 93%
(method B); white paste; 1H NMR (400 MHz, CDCl3): d=7.94–7.87 (m,
3H; Harom), 7.42 (m, 2H; Harom), 7.09 (t, J=6.3 Hz, 1H; Harom), 6.96 (d,
J=8.6 Hz, 2H; Harom), 4.92 (s, 2H; ArCH2), 3.86 ppm (s, 3H, OCH3);
13C NMR (100 MHz, CDCl3): d=167.6 (IV), 163.8 (IV), 140.2 (III), 136.1
(IV), 131.4 (III, 2C), 130.9 (III), 130.8 (III), 128.9 (III), 122.6 (IV), 114.0
(III, 2C), 111.1 (IV), 99.4 (IV), 55.7 (II), 55.5 ppm (I); IR (neat): ñ=


2935, 2841, 2231, 1697, 1604 cm�1.


N-Cyano-N-(2-iodobenzyl)-2,6-dimethylbenzamide (6h): Yield: 61%
(method A); white paste; 1H NMR (400 MHz, CDCl3): d=7.92 (dd, J=


7.8, 1.0 Hz, 1H; Harom), 7.49 (dd, J=7.6, 1.5 Hz, 1H; Harom), 7.41 (td, J=


7.6, 1.3 Hz, 1H; Harom), 7.26 (t, J=7.6 Hz, 1H; Harom), 7.10 (m, 3H;
Harom), 5.04 (s, 2H; ArCH2), 2.37 ppm (s, 6H; Ar ACHTUNGTRENNUNG(CH3)2);


13C NMR
(100 MHz, CDCl3): d=170.2 (IV), 140.3 (III), 135.9 (IV), 134.7 (IV, 2C),
132.7 (IV), 130.9 (III), 130.8 (III), 130.7 (III), 128.9 (III), 127.9 (III, 2C),
109.1 (IV), 99.8 (IV), 54.2 (II), 19.3 ppm (I, 2C); IR (neat): ñ =2924,
2234, 1713 cm�1; HRMS (ES+ ): m/z : calcd for C17H15N2ONaI: 413.0127;
found: 413.0134; elemental analysis: calcd (%) for C17H15IN2O: C 52.33,
H 3.87, N 7.18; found: C 52.22, H 3.95, N 7.15.


N-Cyano-N-(2-iodobenzyl)-2,6-dimethoxybenzamide (6p): Yield: 37%
(method B); pale-yellow solid; m.p. 98–100 8C; 1H NMR (400 MHz,
CDCl3): d=7.89 (d, J=7.8 Hz, 1H; Harom), 7.50 (d, J=7.6 Hz, 1H;
Harom), 7.42–7.35 (m, 2H; Harom), 7.04 (t, J=7.6 Hz, 1H; Harom), 6.59 (d,
J=8.3 Hz, 2H; Harom), 4.97 (s, 2H; ArCH2), 3.87 ppm (s, 6H; Ar-
ACHTUNGTRENNUNG(OCH3)2);


13C NMR (100 MHz, CDCl3): d=165.9 (IV), 157.7 (IV), 139.8
(III), 136.0 (IV), 133.1 (III), 130.1 (III), 128.8 (III), 128.7 (III), 110.7
(IV), 110.1 (IV), 103.9 (III, 2C), 98.5 (IV), 56.1 (I, 2C), 54.3 ppm (II); IR
(neat): ñ=2939, 2841, 2236, 1718, 1595, 1475 cm�1; HRMS (ES+ ): m/z :
calcd for C17H15N2O3NaI: 445.0025; found: 445.036; elemental analysis:
calcd (%) for C17H12N2O3I: C 48.36, H 3.58, N 6.63; found: C 48.49, H
3.43, N 6.53.


N-Cyano-2,6-difluoro-N-(2-iodobenzyl)benzamide (6q): Yield: 84%
(method B); off-white solid; m.p. 100 8C; 1H NMR (400 MHz, CDCl3):
d=7.92 (d, J=8.1 Hz, 1H; Harom), 7.52 (m, 1H; Harom), 7.42 (d, J=


4.3 Hz, 2H; Harom), 7.10 (m, 1H; Harom), 7.04 (t, J=8.1 Hz, 2H; Harom),
5.01 ppm (s, 2H, ArCH2);


13C NMR (100 MHz, CDCl3): d=160.9 (IV),
158.4 (IV, 2C, d, J=252 Hz), 140.2 (III), 135.1 (IV), 134.2 (III, t, J=


10 Hz), 130.9 (III), 129.9 (III), 129.0 (III), 112.4 (III, 2C, d, J=24 Hz),
110.6 (IV), 108.7 (IV), 99.1 (IV), 54.9 ppm (II); 19F NMR (400 MHz,
CDCl3): d =�110.9 ppm (m); IR (neat): ñ =2240, 1722, 1625, 1470,
731 cm�1; HRMS (ES+ ): m/z : calcd for C15H9N2OF2NaI: 420.9625;
found: 420.9642; elemental analysis: calcd (%) for C15H9IN2OF2: C 45.25,
H 2.28, N 7.04; found: C 45.31, H 2.02, N 6.78.


N-Benzyl-N-cyano-2-iodobenzamide (6n): Yield: 74% (method A);
yellow oil; 1H NMR (400 MHz, CDCl3): d=7.88 (dd, J=8.1, 0.5 Hz, 1H,
Harom), 7.48 (m, 2H, Harom), 7.46–7.39 (m, 4H, Harom), 7.35 (dd, J=7.6,
1.5 Hz, 1H, Harom), 7.21 (td, J=7.8, 1.8 Hz, 1H, Harom), 4.90 ppm (s, 2H,
ArCH2);


13C NMR (100 MHz, CDCl3): d=168.6 (IV), 139.8 (III), 138.1
(IV), 133.2 (IV), 132.6 (III), 129.3 (III), 129.2 (III), 129.1 (III, 3C), 128.3
(III), 127.9 (III), 109.6 (IV), 91.8 (IV), 50.7 ppm (II); IR (neat): ñ =2237,
1716 cm�1; HRMS (ES+ ): m/z : calcd for C15H11N2ONaI: 384.9814;
found: 384.9824.


N-Cyano-2-iodo-N-(4-(trifluoromethyl)benzyl)benzamide (6m): Yield:
37% (method A); colorless oil; 1H NMR (400 MHz, CDCl3): d=7.89 (d,
J=8.1 Hz, 1H; Harom), 7.69 (d, J=8.1 Hz, 2H; Harom), 7.61 (d, J=8.1 Hz,
2H; Harom), 7.46 (t, J=7.6 Hz, 1H; Harom), 7.36 (d, J=7.6 Hz, 1H; Harom),
7.22 (td, J=7.8, 1.5 Hz, 1H; Harom), 4.95 ppm (s, 2H; ArCH2);


13C NMR
(100 MHz, CDCl3): d =168.5 (IV), 139.9 (III), 137.8 (IV), 137.1 (IV),
132.8 (III), 131.4 (IV), 129.6 (III, 2C), 128.5 (III), 128.1 (III), 126.2 (III),
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126.1 (III), 122.5 (IV), 109.4 (IV), 91.8 (IV), 50.1 ppm (II); IR (neat): ñ=


3057, 2237, 1717, 1323 cm�1; elemental analysis: calcd (%) for
C16H10N2OF3I: C 44.67, H 2.34, N 6.51; found: C 44.57, H 2.32, N 6.38.


(E)-N-Cyano-N-(2-iodobenzyl)but-2-enamide (6k): Yield: 74% (meth-
od B); white solid; m.p. 62 8C; 1H NMR (400 MHz, CDCl3): d=7.86 (dd,
J=7.8, 1.0 Hz, 1H; Harom), 7.35 (td, J=7.6, 1.0 Hz, 1H; Harom), 7.29 (m,
1H; Harom), 7.24 (m, 1H; CH3�CH=CH�C=O), 7.02 (td, J=7.6, 1.5 Hz,
1H; Harom), 6.59 (dd, J=14.9, 1.8 Hz, 1H; CH3�CH=CH�C=O), 4.81 (s,
2H; ArCH2), 1.96 ppm (dd, J=7.1, 1.8 Hz, 3H; CH3);


13C NMR
(100 MHz, CDCl3): d=164.1 (IV), 149.9 (III), 139.9 (III), 135.9 (IV),
130.5 (III), 130.0 (III), 128.8 (III), 119.1 (III), 109.9 (IV), 99.1 (IV), 53.8
(II), 18.5 ppm (I); IR (neat): ñ =3058, 2942, 2231, 1704 cm�1; HRMS
(ES+ ): m/z : calcd for C12H11N2ONaI: 348.9814; found: 348.9802.


Typical cyclization procedure : Tributyltin hydride (0.5 mmol, 2 equiv)
and AIBN (0.25 mmol, 1 equiv) in benzene (4 mL) were added to a de-
gassed solution of N-acylcyanamide (0.25 mmol) in refluxing benzene
(11 mL) over 2 h. The reflux was maintained until monitoring of the reac-
tion by TLC showed total consumption of the starting material. Once the
mixture was back to room temperature, aqueous NaOH (1m, 15 mL) was
added and the mixture was stirred for 30 min. The organic phase was ex-
tracted with ethyl acetate (2R20 mL), dried over MgSO4, and concentrat-
ed under vacuum. Purification of the residue by silica-gel flash chroma-
tography afforded the cyclization products.


7-Methoxyisoindolo ACHTUNGTRENNUNG[1,2-b]quinazolin-10 ACHTUNGTRENNUNG(12H)one (10g): Yield: 70%;
white solid; m.p. 206–208 8C; 1H NMR (400 MHz, CDCl3): d=8.26 (d,
J=8.8 Hz, 1H; Harom), 8.15 (d, J=7.3 Hz, 1H; Harom), 7.60 (m, 2H;
Harom), 7.58 (m, 1H; Harom), 7.21 (d, J=1.9 Hz, 1H; Harom), 7.05 (dd, J=


8.7, 1.9 Hz, 1H; Harom), 5.12 (s, 2H; ArCH2), 3.94 ppm (s, 3H; OCH3);
13C NMR (100 MHz, CDCl3): d=164.7 (IV), 160.4 (IV), 155.8 (IV), 151.9
(IV), 139.9 (IV), 132.8 (IV), 132.4 (III), 128.9 (III), 128.0 (III), 123.7
(III), 123.5 (III), 116.7 (III), 114.3 (IV), 108.1 (III), 55.8 (I), 49.8 ppm
(II); IR (neat): ñ =2926, 1664, 1608 cm�1; HRMS (ES+ ): m/z : calcd for
C16H12N2O2Na: 287.0796; found: 287.0806.


2-Benzyl-3-iminoisoindolin-1-one (14n): Yield: 86%; pale-yellow solid;
m.p. 122–123 8C; 1H NMR (400 MHz, CDCl3): d=8.30 (br s, 1H, C=NH),
7.86 (m, 1H; Harom), 7.73 (m, 1H; Harom), 7.64 (m, 2H; Harom), 7.42 (d, J=


7.1 Hz, 2H; Harom), 7.30 (t, J=7.1 Hz, 2H; Harom), 7.26 (d, J=7.3 Hz, 1H;
Harom), 5.02 ppm (s, 2H, ArCH2);


13C NMR (100 MHz, CDCl3): d=167.9
(IV), 160.3 (IV), 136.8 (IV), 133.2 (III), 132.5 (III), 132.4 (IV), 131.1
(IV), 128.8 (III, 2C), 128.2 (III, 2C), 127.7 (III), 123.6 (III), 121.3 (III),
42.0 ppm (II); IR (neat): ñ=3276, 1726, 1649 cm�1; MS: m/z : 237
[M+H]+ , 259 [M+Na]+ ; HRMS (ES+ ): m/z : calcd for C15H13N2O:
237.1028; found: 237.1017.


3-Imino-2-(4-(trifluoromethyl)benzyl)isoindolin-1-one (14m): Yield:
90%; off-white solid; m.p. 136 8C; 1H NMR (400 MHz, CDCl3): d =7.6
(m, 1H; Harom), 7.25 (m, 4H; Harom), 6.90 (m, 2H; Harom), 6.82 (m, 1H;
Harom), 4.75 ppm (s, 2H; ArCH2);


13C NMR (100 MHz, CDCl3): d=167.2
(IV), 159.7 (IV), 141.5 (IV), 134.9 (IV), 132.6 (III), 132.1 (IV), 132.0
(III), 131.3 (IV), 128.9 (III, 2C), 125.6 (III), 125.5 (III), 123.5 (IV), 123.2
(III), 120.8 (III), 41.3 ppm (II); IR (neat): ñ =3281, 2925, 1722,
1653 cm�1; HRMS (ES+ ): m/z : calcd for C16H12N2OF3: 305.0902; found:
305.0910; elemental analysis: calcd (%) for C16H11N2OF3: C 63.16, H
3.64, N 9.21; found: C 62.84, H 3.63, N 9.02.


9-MethylisoindoloACHTUNGTRENNUNG[1,2-b]quinazolin-10 ACHTUNGTRENNUNG(12H)one (10h): Yield: 88%;
white solid; m.p. 236–237 8C; 1H NMR (400 MHz, CDCl3): d=8.11 (d,
J=7.6 Hz, 1H; Harom), 7.64–7.53 (m, 5H; Harom), 7.19 (d, J=7.3 Hz, 1H;
Harom), 5.06 (s, 2H; ArCH2), 2.92 ppm (s, 3H, ArCH3);


13C NMR
(100 MHz, CDCl3): d=161.4 (IV), 154.7 (IV), 151.2 (IV), 141.2 (IV),
139.8 (IV), 133.4 (III), 132.8 (IV), 132.2 (III), 129.2 (III), 128.9 (III),
125.8 (III, IV), 123.5 (III), 49.9 (II), 23.2 ppm (I); IR (neat): ñ =2924,
1668, 1629, 1594 cm�1; MS: m/z : 249 [M+H]+ .


9-Methoxyisoindolo ACHTUNGTRENNUNG[1,2-b]quinazolin-10 ACHTUNGTRENNUNG(12H)one (10p): Yield: 49%;
white solid; m.p. 254 8C; 1H NMR (400 MHz, CDCl3): d=8.12 (d, J=


7.6 Hz, 1H; Harom), 7.65 (t, J=8.1 Hz, 1H; Harom), 7.59 (m, 2H; Harom),
7.55 (m, 1H; Harom), 7.38 (d, J=8.1 Hz, 1H; Harom), 6.89 (d, J=8.1 Hz,
1H; Harom), 5.09 (s, 2H; ArCH2), 4.0 ppm (s, 3H; ArOCH3);


13C NMR
(100 MHz, CDCl3): d=160.5 (IV), 159.2 (IV), 155.4 (IV), 152.4 (IV),
140.1 (IV), 134.6 (III), 132.8 (IV), 132.4 (III), 128.9 (III), 123.6 (III, 2C),


119.8 (III), 110.6 (IV), 107.7 (III), 56.4 (I), 49.9 ppm (II); IR (neat): ñ=


2924, 2850, 1677 cm�1; HRMS (ES+ ): m/z : calcd for C16H12N2O2Na:
287.0796; found: 287.0785.


9-Fluoroisoindolo ACHTUNGTRENNUNG[1,2-b]quinazolin-10 ACHTUNGTRENNUNG(12H)one (10q): Yield: 73%; off-
white solid; m.p. 256 8C; 1H NMR (400 MHz, CDCl3): d=8.15 (d, J=


7.6 Hz, 1H; Harom), 7.6 (m, 5H; Harom), 7.12 (m, 1H; Harom), 5.15 ppm (s,
2H; ArCH2);


13C NMR (100 MHz, CDCl3): d =163.1 (IV), 159.2 (IV, d,
J=243 Hz), 157.9 (IV), 155.9 (IV), 151.9 (IV), 139.9 (IV), 134.7 (III, d,
J=10.3 Hz), 132.8 (III), 132.5 (IV), 129.1 (III), 123.8 (III), 123.7 (III),
123.4 (III, d, J=3.4 Hz), 113.1 (III), 50.0 ppm (II); 19F NMR (400 MHz,
CDCl3): d=�110.9 ppm (m); IR (neat): ñ =1672, 1609, 730 cm�1; MS:
m/z : 253 [M+H]+ ; HRMS (ES+ ): m/z : calcd for C15H10N2OF: 253.0777;
found: 253.0765.


6-Fluoroisoindolo ACHTUNGTRENNUNG[1,2-b]quinazolin-10 ACHTUNGTRENNUNG(12H)one (13): Yield: 15%; off-
white solid; m.p. 248 8C; 1H NMR (400 MHz, CDCl3): d=8.25 (d, J=


7.6 Hz, 1H; Harom), 8.15 (d, J=7.8 Hz, 1H; Harom), 7.65 (m, 2H; Harom),
7.58 (m, 1H; Harom), 7.52 (m, 1H; Harom), 7.43 (m, 1H; Harom), 5.17 ppm
(s, 2H; ArCH2);


13C NMR (100 MHz, CDCl3): d=159.9 (IV), 159.8 (IV),
157.4 (IV, d, J=253 Hz), 155.6 (IV), 139.8 (III), 139.1 (IV, d, J=12.0 Hz),
132.8 (III), 132.6 (IV), 129.1 (III), 126.4 (III, d, J=7.8 Hz), 124.2 (III),
123.6 (III), 122.7 (IV), 122.2 (III, d, J=4.3 Hz), 119.8 (III, d, J=19.8 Hz),
50.1 ppm (II); 19F NMR (400 MHz, CDCl3): d=�125.1 ppm (m); IR
(neat): ñ =2955, 1677, 1625, 1613, 782 cm�1; HRMS (ES+ ): m/z : calcd
for C15H9N2OFNa: 275.0597; found: 275.0594.


2-Methyl-2,3-dihydropyrimido ACHTUNGTRENNUNG[2,1-a]isoindol-4(6H)one (10r): Yield:
79%; pale-yellow crystals; m.p. 149 8C; 1H NMR (400 MHz, CDCl3): d=


7.85 (m, 1H; Harom), 7.50 (m, 1H; Harom), 7.41 (m, 2H; Harom), 4.81, 4.73
(AB, d, J=16.7 Hz, 1H each; CH2Ar), 3.95 (m, 1H; CH3�CH�CH2�C=


O), 2.61 (dd, J=16.9, 5.8 Hz, 1H; CH3�CH�CHH�C=O), 2.27 (dd, J=


16.9, 10.6 Hz, 1H; CH3�CH�CHH�C=O), 1.38 ppm (d, J=6.8 Hz, 3H;
CH3);


13C NMR (100 MHz, CDCl3): d=168.6 (IV), 154.3 (IV), 139.8 (IV,
2C), 132.1 (III), 128.5 (III), 123.4 (III), 123.3 (III), 51.3 (III), 48.3 (II),
36.9 (II), 21.9 ppm (I); IR (neat): ñ =2965, 2928, 1696, 1679, 1364 cm�1;
HRMS (ES+ ): m/z : calcd for C12H13N2O: 201.1028; found: 201.1022.


CCDC-648622 contains the supplementary crystallographic data for
compound 10r. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.


Ethyl 2-(3-hydroxy-5H-imidazo ACHTUNGTRENNUNG[2,1-a]isoindol-2-yl)acetate (10 s): Yield:
51%; 1H NMR (400 MHz, CDCl3): d=7.75 (d, J=7.6 Hz, 1H; Harom),
7.49 (m, 2H; Harom), 7.34 (t, J=7.6 Hz, 1H; Harom), 4.73 (s, 2H; ArCH2),
3.96–3.84 (m, 3H; OCH2CH3, CHHC=O), 3.15 (d, J=15.9 Hz, 1H;
CHHC=O), 1.06 ppm (t, J=7.1 Hz, 3H; CH3);


13C NMR (100 MHz,
CDCl3): d=177.9 (IV), 169.5 (IV), 169.0 (IV), 145.9 (IV), 132.8 (III),
128.7 (III), 126.8 (IV), 124.6 (III), 123.9 (III), 80.6 (IV), 60.9 (II), 44.9
(II), 35.6 (II), 14.0 ppm (I); IR (neat): ñ =2926, 2854, 1735, 1658 cm�1.


Ethyl 4-hydroxy-2,6-dihydropyrimido ACHTUNGTRENNUNG[2,1-a]isoindole-3-carboxylate
(10s’): Yield: 28%; 1H NMR (400 MHz, CDCl3): d=7.99 (d, J=7.6 Hz,
1H; Harom), 7.64 (m, 1H; Harom), 7.52 (m, 2H; Harom), 4.74, 4.65 (AB d,
J=16.4 Hz, 1H each; ArCH2), 4.12–4.04 (m, 2H; OCH2CH3), 3.12 (s,
2H; CH2N=C), 1.15 ppm (t, J=7.1 Hz, 3H; OCH2CH3);


13C NMR
(100 MHz, CDCl3): d=169.8 (IV), 168.9 (IV), 145.9 (IV, 2C), 133.9 (III),
129.2 (III), 126.3 (IV), 124.6 (III, 2C), 97.4 (IV), 61.1 (II), 45.2 (II), 42.1
(II), 14 ppm (I); HRMS (ES+ ): m/z : calcd for C14H15N2O3: 259.1083;
found: 259.1071.


Tin-free radical cyclization of 6o to yield luotonin A : A solution of N-
acylcyanamide 6o (100 mg, 0.24 mmol) and pyridine (98 mL, 5 equiv) in
benzene (14 mL) was refluxed under air and irradiated with a sun lamp
(300 W) until monitoring of the reaction by TLC showed total consump-
tion of the starting material. The reaction mixture was concentrated and
purified on silica gel (pentane/ethyl acetate 5:5) to give luotonin A
(37 mg, 54%).
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How Can Rotaxanes Be Modified by Varying Functional Groups at the
Axle?—A Combined Theoretical and Experimental Analysis of
Thermochemistry and Electronic Effects


Christian Spickermann,[a] Thorsten Felder,[c] Christoph A. Schalley,*[b] and
Barbara Kirchner*[a]


Introduction


The term “rotaxane” refers to a class of supramolecular
complexes that consist of two mechanically linked compo-
nents: the axle, a linear molecule with two sterically de-
manding functional groups at both ends (stoppers), and the
wheel that surrounds the axle but is not connected with it in
terms of a covalent bond.[1] Structures without appropriate
stopper groups at the end of the axle are referred to as
pseudorotaxanes. The rotaxane structure is seen as a possi-
ble basis for the realisation of a molecular motor, because
the axle can deslip and is held inside the wheel%s cavity
merely by weak, non-covalent bonds.[2–5] The synthesis of a
real rotaxane-based molecular motor has not yet been ach-
ieved at the microscopic level, although this is regarded as
possible in principle, as nature gives a working example with
the enzyme F0F1-ATP synthase.[2,3] This enzyme is capable
of generating ATP from ADP and phosphate by conforma-
tional changes of an enzyme pocket induced by a unidirec-
tional 1208-rotation of the axle-like F1 component.[6,7] Con-
cerning synthetic molecular motors on rotaxane basis, the
unidirectional rotation could be introduced by topological
chirality.[3,8] A more detailed overview of theoretical ap-


Abstract: We present theoretically as
well as experimentally determined
thermochemical data of the non-cova-
lent interactions in different axle-sub-
stituted pseudorotaxanes. The overall
interaction energy lies in the region of
35 kJ mol�1, independent of the substi-
tution pattern at the axle. Because re-
arrangement energies of 7 and
3 kJ mol�1 are required for wheel and
axle, respectively, the sum of the net
interactions of individual non-covalent
bonds must exceed 10 kJ mol�1 to ach-


ieve a successful host–guest interaction.
The geometrical analysis shows three
hydrogen bonds, and the close inspec-
tion of the individual dipole moments
as well as the individual hydrogen
bonds reveals trends according to the
different functional groups at the axle.


The individual trends for the different
hydrogen bonds almost lead to a can-
cellation of the substitution effects.
From solvent-effect considerations it
can be predicted that the pseudorotax-
ane is stable in CHCl3 and CH2Cl2,
whereas it would dethread in water.
Comparing experimentally and theoret-
ically calculated Gibbs free enthalpies,
we find reasonable agreement if an ex-
change reaction of one solvent mole-
cule instead of the direct formation re-
action is considered.
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proaches to supramolecular chemistry can be found in refer-
ence [9].


The examination of the co-conformational selectivity of
two dibenzo-[24]crown-8 macrocycles to different ammonia
binding sites in a [3]rotaxane by the AM1 method or the es-
timation of hydrogen-bond enthalpies in polymeric urethane
rotaxanes in terms of a mean-field model are examples of
semiempirical approaches to supramolecular rotaxane
chemistry.[10,11] A detailed study of amide-type rotaxane for-
mation based on the AM1 level of theory including compar-
isons with experimental data was published by Peyerimhoff
et al. two years ago, in which special attention was paid to
the non-covalent interactions governing the formation pro-
cess.[12,13] These interactions were also studied by use of den-
sity functional theory (DFT) in small appropriate model sys-
tems (“rotaxane mimics”), and two of these model systems
will also be covered in the present work.[14,15] . The influences
of molecular guest properties as well as microsolvation in
terms of the first solvation sphere on computed interaction
enthalpies in ionic inclusion complexes were analysed in an
earlier study and gave first hints of the importance of sol-
vent effects in static supramolecular calculations.[16] Further
theoretical examinations concern the movement of the mac-
rocycle along the axle (shuttling) as a one-dimensional
translation in a simplified double-minimum potential, the in-
fluence of the Kohn–Sham frontier orbitals of shuttle and
axle upon conductivity and electron tunnelling along the ro-
taxane, as well as the dynamic simulation.[4,17–19]


Because rotaxane syntheses do not work efficiently, usual-
ly non-covalent template effects[20–24] are exploited in order
to generate the appropriate axle–wheel geometry required
for the threaded topology. Such template effects rely on
metal complexation[5,25–27] , p-donor–p-acceptor interac-
tions[28–30] or hydrogen bonding involving cations, neutrals or
anions.[1,13]


Here we focus on hydrogen-bond-mediated template ef-
fects involving the Hunter–Vçgtle tetralactam macrocycle 1
(Figure 1) and axles that bear a secondary amide group. Sev-
eral experimental studies reported binding constants for this
host and some analogues.[31, 32] Among these, one study[32] re-
ported a remarkably pronounced substituent effect at the
host on the binding constant of a suitable diamide guest. Re-
placing the isophthaloyl groups with 2,6-pyridine dicarboxyl-
ic acid amides substituted at C(4) with electron-withdrawing
substituents significantly increased the binding constants,
whereas they were rather small if electron-donating groups
were attached in the same position. We were interested in
determining whether similar effects could be found upon
changing the electron density in secondary benzoylamide
guests upon substitution of the benzoyl ring at C(4). To test
this, the guests 2–6 (Figure 1) were investigated.


Theoretical studies predict that amide rotation within the
macrocycle from an out- (carbonyl group pointing away
from the cavity) to an in-conformation (C=O pointing to-
wards the cavity) is not energy demanding at all.[12] Conse-
quently, the macrocycle can exist in a 3-out–1-in conforma-
tion. On this basis, a secondary amide guest can form a max-


imum of three hydrogen bonds, because a fourth bond
would lead to a structural distortion too large to be compen-
sated by the hydrogen-bond energy. The guest N�H is able
to form a third hydrogen bond with the carbonyl group of
the macrocycle that is in the in-conformation. This is in line
with the experimental fact that secondary amides are the
only class of carbonyl compounds that bind to the macrocy-
cle significantly, whereas ketones, acid chlorides and esters
only bind very weakly.[31]


In this contribution, theory and experiment are combined
to provide a more detailed understanding of the effects me-
diating the binding of amides to macrocycle 1. The investi-
gated systems are introduced below, followed by the experi-
mental and theoretical methodology. Afterwards, we present
the results concerning structures, energetics, electronic prop-
erties, and thermodynamics, and compare the theoretical re-
sults to those obtained from experiment.


Systems investigated : All investigated pseudorotaxane com-
plexes employ the same tetralactam macrocycle 1 as the
wheel, but have different functional groups at one end of
the axle (Figure 1). The central structural moiety of all axles
2–6 lies in the benzylamide group, which is able to act as a
hydrogen-bond acceptor (through the carbonyl part) and a
hydrogen-bond donor (through the N�H part) at the same
time.[14,15]


The nitro group is a representative for a substituent with
a strong electron-withdrawing mesomeric effect (�M),
whereas chlorine exerts a strong electron-withdrawing in-
ductive effect (�I). tert-Butyl with its moderate + I and


Figure 1. Chemical structure of the wheel and all axles investigated. 1:
wheel, 2 : MeO-axle, 3 : Cl-axle, 4 : H-axle, 5 : tBu-axle, 6 : NO2-axle, 7:
CH2Cl2, 8 : CHCl3, 9 : H2O, 10 : (H2O)4, 11: (CHCl3)2.
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methoxy with a strong +M effect complete the series on
the electron-donating side. From a simple point of view, one
might expect hydrogen bonding to be strengthened for the
methoxy-substituted benzoylamide, as shown in Figure 2.
An increase in the electron density at the axle%s carbox-
amide oxygen atom was expected to contribute to the for-
mation of stronger hydrogen bonds. Similar arguments ex-
plain why electron-withdrawing groups should be expected
to weaken the complex.


Considering the comparison with experimental data, a
series of additional complexes hosting a single dichlorome-
thane molecule 7 and a single chloroform molecule 8 as the
guest as well as the isolated macrocycle were also examined.
These structures help to simulate the formation reaction of
the pseudorotaxane complexes, as the synthesis and the
NMR titration measurements are carried out in dichlorome-
thane and chloroform solution, respectively. To gain further
insight into possible solvent effects on the rotaxane forma-
tion, some additional calculations on complexes including
one single water molecule 9, a hydrogen-bonded chain of
four water molecules 10, and two chloroform molecules 11
as guests were also done. The thermochemical quantities of
the two smaller systems 12 and 13 acting as hydrogen-
bonded rotaxane mimics are also discussed below. These
represent idealised models of the two-fold and one-fold hy-
drogen bond (Figure 3).[15]


Experimental Section


The macrocycle was synthesised by standard laboratory procedures.[33–35]


The benzoyl amide guests were synthesised by simple amide cou-
pling.[37–39] Before the binding constants can reliably be determined, it is
mandatory to evaluate the complex stoichiometry that was established
utilising 1H NMR experiments with a Job%s plot analysis in CDCl3.


[40, 41]


Maxima in all plots appeared at a molar fraction of 0.5 indicating the for-
mation of 1:1 complexes. Because guest exchange is fast on the NMR
timescale, binding constants were evaluated by 1H NMR titrations in
CDCl3. Upon addition of the guest, all amide protons shift significantly


due to the formation of hydrogen bonds. The titration curves were fitted
by using a global least-squares fitting program (Spectrum Software Asso-
ciates, Chapel Hill, NC, USA;[42] and literature cited therein) using the
Levenberg–Marquardt method. Excellent fits were obtained with a
model taking into account the free host, the free guest and the 1:1 com-
plex. Only very slight improvements were found when 1:2 host–guest
complexes were added to that model. However, the binding constants of
the second guest were negligibly small (<3 m


�1) so that we refrain from
analysing the data including them. The data is summarised in Table 1


For complex 1–3, the binding constants were determined depending on
the temperature. Evaluation of the data through a van%t Hoff plot of lnK
vs 1/T provided the binding enthalpy (DHexp =�22.0 kJ mol�1) and bind-
ing entropy (TDSexp =�8.8 kJ mol�1) of this host–guest pair. From this
data, it becomes clear that host–guest binding is mainly driven by enthal-
py and counterbalanced only by a small unfavourable entropy contribu-
tion. The negative entropy value indicates an entropy loss upon complex
formation and thus is in line with the assumption that conformational de-
grees of freedom within the macrocycle are frozen out for a favourable
binding geometry.


Theoretical Details


The structures of all compounds were optimised. Because of very large
atom numbers (181 and more), density functional theory (DFT) com-
bined with the resolution of identity technique (RI) was selected.[43] For
the same reasons, the TZVP basis set in combination with the gradient-
corrected functional BP86 was chosen.[44, 45] In some cases second-order
Møller–Plesset perturbation theory (MP2) calculations employing the
TZVP or the TZVPP basis sets were carried out for the evaluation of the
DFT results.[44] All calculations were performed using the TURBO-
MOLE 5.5 program package, and the obtained complex interaction ener-
gies were counterpoise-corrected by the procedure introduced by Boys
and Bernardi.[46, 47] The adiabatic complex interaction energies DEadia can
be calculated according to the supramolecular approach by subtracting
the energies of the relaxed monomers Erelax


wheel, E
relax
guest as well as the BSSE


contributions from the total cluster energy Etot[48–51] [Eq. (1)]:


DEadia ¼ Etot�Erelax
wheel�Erelax


guest�DEBSSE ð1Þ


Considering the fact that the free compounds will undergo a conforma-
tional change upon complex formation and that the change of energy as-
sociated with this process does not directly contribute to the binding
energy of the hydrogen bonds, an additional correction term to the inter-
action energy was calculated [Eq. (2)]:


DECF ¼ ðErelax
wheel�Eunrelax


wheel Þ þ ðErelax
guest�Eunrelax


guest Þ ð2Þ


yielding the strained interaction energy DECP
strain (see Supporting Informa-


tion). Furthermore, the computation of dipole moments and shared elec-
tron numbers (SEN) was carried out.[46] The determination of the two-
centre SEN values and the computation of partial charges were based on
the Davidson population analysis.[52, 53] In the SEN approach the linear re-


Figure 2. Mesomeric structures of the methoxysubstituted axle rationalise
why stronger hydrogen bonds with the wheel should be expected.


Figure 3. Rotaxane mimics as model systems of the two-fold and one-fold
hydrogen bond.


Table 1. Free binding energies DGexp
1 of guests 2–6 to macrocycle 1 at


T= 303 K and p=101 325 Pa. All values are in [kJ mol�1].


Guest No. DGexp
1


MeO- 1–2 �12.1
Cl- 1–3 �13.6
H- 1–4 �11.0
tBu- 1–5 �11.4
NO2- 1–6 �13.7
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lationship between the two-centre shared-electron number of a hydrogen
bond and its binding energy allows an estimation of the bond strength if
the parameters m and b of the corresponding linear equation [Eq. (3)]
are known[54]:


Es
HA ¼ msHA þ b ð3Þ


in which sHA denotes the two-centre SEN between the donor hydrogen
atom H and the acceptor atom A, and b the axis intercept of the linear
equation. This procedure has already been used for a broad variety of
chemical applications concerning hydrogen bonding.[49, 54–56]


The slope parameter m depends on the acceptor atom of the hydrogen
bond and was determined for a wide range of hydrogen bonds involving
large numbers of different atoms as reported in previous studies.[57] In the
present application, the values m=�724 kJ mol�1 e�1 and b=


2.01 kJ mol�1 are chosen in agreement with amide-type hydrogen bonds
and the BP86/TZVP combination.[58] Values for the total hydrogen-bond
energy in terms of the SEN method are obtained by summing up the en-
ergies of all hydrogen bonds in the complex.


All frequency calculations were carried out by using the SNF program.[59]


Thermochemical properties are derived from the canonical partition
function at the standard p,T values of p=101 325 Pa and T= 298.15 K fol-
lowing standard textbook procedures for the ideal gas.[60] This means that
even in calculations employing continuum solvation models such as
COSMO, the translational and rotational entropy contributions for the
gas phase are employed, which do not accurately reflect the conditions in
the condensed phase due to solvent–solute interactions and a clearly re-
duced free volume of translation in the fluid.[61] Previous computational
studies employed an approach suggested by Williams et al. , which consid-
ers the transition to the fluid as a two-step process by first condensing
the gaseous compound to a pure liquid and subsequently diluting the
pure liquid to the 1m standard state.[62–64] This procedure should, in prin-
ciple, give more accurate results concerning entropy changes in solution
and comparison with experimental data, but we refrain from using this
approach because our aim is to predict entropy changes from pure
theory. The method of Williams et al. requires knowledge of macroscopic
quantities, for example, the condensation entropy, that are not available
in the single-molecule picture.[64]


All enthalpies computed by the SNF program do not contain contribu-
tions from the electronic interaction energy and thus were corrected ac-
cording to DRH= DHSNF + DECP


adia and DRG=DGSNF +DECP
adia, respectively.


The natural population analysis (NPA) was carried out by using the
Gaussian 03 program package on the Hartree–Fock level of theory.[65] Be-
cause all examined systems exhibit large atom numbers, the basis set was
decreased to 3-21G for the NPA calculations.[66, 67]


Results


Structures : All investigated pseudorotaxanes form three hy-
drogen bonds, namely between the hydrogen atoms of two
amide groups of the wheel and the oxygen atom of the
axle%s amide group and the a-w hydrogen bond (Figure 4,
see Supporting Information for starting structures and the
converged geometries).


Besides minor twisting in the propyl group of the axle and
relaxation of the wheel, the basic structure of all complexes
is preserved after the optimisations, that is, the local mini-
mum structures on the potential surface still contain three
hydrogen bonds in the case of the pseudorotaxane com-
plexes. The minimum structures found for the compounds
containing more than one solvent molecule as guests are de-
picted in Figure 5. The hydrogen-bonded water chain in the
cavity of 1–10 is preserved during the optimisation, whereas


the second chloroform guest of 1–11 is driven out of the
cavity and in the minimum structure rests over the plane
spanned by the wheel and the first chloroform molecule.


The bond lengths as well as the bond angles between the
nitrogen atom, hydrogen atom and oxygen atom are sum-
marised in Table 2 (see Figure 4 for denotation of hydrogen
bonds in pseudorotaxanes).


All values calculated for 1–2 to 1–6 are within roughly the
same range. The N–O distances follow the trend of the hy-
drogen-bond lengths in most cases, thus resulting in nearly
undisturbed N�H bond lengths of ~99 pm on average. This
is also true for the water-chain complex 1–10. Compared to
the N�H bond lengths obtained for isolated 1 (~102 pm),
this is only a slight decrease, but corresponds well to the
change in bond length in rotaxane mimics.[15] Compound 1–8
(CHCl3) shows a guest-to-wheel hydrogen bond that agrees
well with the values of the pseudorotaxane complexes,
whereas the hydrogen bond in 1–7 (CH2Cl2) is somewhat
elongated. The smallest distances are found for the struc-
tures involving water molecule guests and OHguest!Owheel


hydrogen bonds, with 1–10 ((H2O)4) showing the shortest
bond of all investigated compounds. This significantly re-


Figure 4. Starting conformation of rotaxane complexes shown exemplari-
ly for complex 1–3. Hydrogen bonds are marked.


Figure 5. Minimum structures for the water-chain complex 1–10 and the
dichloroform complex 1–11 (BP86/TZVP).
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duced distance, especially relative to 1–9 (H2O), hints at ad-
ditional steric influences, which seems reasonable for the
water-chain complex 1–10 fitting well into the confined
space provided by the wheel 1.


Comparison of the angles found for the two short bonds
(w!a(1), a!w) and the elongated bond (w!a(2)) shows
that these values fall within a narrow range of 159 to 1658.
Thus, all three hydrogen bonds in 1–2 to 1–6 are regulated
solely by their interatomic distances that vary between 202
and 244 pm, whereas all predicted angles have very similar
values of around 1608.


To examine the influence of hydrogen-bond formation on
the geometry of the macrocycle, we determined the square
dimension of the area between all four nitrogen atoms in
the wheel and compared the results to the corresponding
values of structures 1–7 to 1–10 and the free wheel 1. This
data is given in the Supporting Information. Assuming that
the guest is large enough to form more than one hydrogen-
bond contact, it is expected that this area is reduced upon
hydrogen-bond formation and that the extent of the reduc-
tion is correlated to the degree of interaction between host
and guest. In the cases of 1–2 to 1–6, the area within the
macrocycle is significantly re-
duced relative to 1 and 1–8
(CHCl3). Complex 1–6 ACHTUNGTRENNUNG(NO2-)
shows the smallest area reduc-
tion, however, this is still about
~5000 pm2 lower than the free
macrocycle. The dichlorome-
thane complex 1–7 is affected
in a significant way as well. In
the case of the chloroform com-
pound 1–8, almost no area re-
duction is observable. The larg-
est reduction is found for 1–2
(MeO-) and 1–5 (tBu-). Be-
cause the water guest is a very
small molecule capable of es-
tablishing relatively strong hy-


drogen bonds, the calculated
area reduction for 1–9 (H2O) is
not directly comparable to the
other values. Due to the flexi-
ble behaviour of the four-mem-
bered water chain, this de-
creased effect on the cavity of
the host 1 is also observable for
compound 1–10 ((H2O)4). One
should keep in mind that the
calculated area reduction is no
direct evidence for hydrogen-
bond formation, but merely
hints at such interactions
through an induced conforma-
tional change of the macrocy-
cle.


Energetics : The interaction energies are summarised in
Table 3. It is apparent that both interaction energies DECP


adia


and DECP
strain remain within narrow ranges for all five pseudor-


otaxanes. Thus, a discussion of electronic substitution influ-
ences is not necessary. Compound 1–6 (NO2-) shows the
smallest absolute adiabatic interaction energy as well as the
weakest strained interaction energy of all pseudorotaxanes,
indicating the electron-withdrawing effect of the p-nitro-
phenyl group at the end of the axle. In the case of 1–7
(CH2Cl2), the obtained interaction energies roughly equal
one third of the pseudorotaxane interaction energies, which
agrees with the observation of one or two rather weak hy-
drogen bonds, see above. In contrast to this, the calculated
interaction energies for the chloroform complex 1–8 are sig-
nificant lower and only equal one half of the values ob-
tained for 1–7, although both structures exhibit the same
number and kind of hydrogen bonds. A slightly increased
value of �8.8 kJ mol�1 is predicted for the dichloroform
complex 1–11. Both complexes containing water as guest
show an increased interaction energy compared to the ex-
pected number of hydrogen bonds. Considering the four
OH···O hydrogen bonds in 1–10 ((H2O)4), the calculated in-


Table 2. Bond lengths r1 ACHTUNGTRENNUNG(H···O), r2 ACHTUNGTRENNUNG(N···O) and bond angles a ACHTUNGTRENNUNG(N-H···O) of all three hydrogen bonds for com-
plexes 1–2 to 1–6 as well as the corresponding values for the CH···O hydrogen bonds found for complexes 1–7,
1–8 and 1–11 and the OH···O hydrogen bonds in 1–9 and 1–10. In the case of multiple bonds in 1–10 and 1–11
the shortest bond of each connectivity is given. Abbreviations: w=wheel; a =axle (guest).


w!a(1) w!a(2) a!w
Guest No. r1 [pm] r2 [pm] a [8] r1 [pm] r2 [pm] a [8] r1 [pm] r2 [pm] a [8]


axle–wheel complexes
MeO- 1–2 213 312 162.0 239 338 164.5 208 306 160.5
Cl- 1–3 215 314 163.6 242 341 160.7 204 303 162.2
H- 1–4 215 314 164.1 241 340 161.2 206 304 159.4
tBu- 1–5 215 314 164.2 239 339 161.6 207 304 159.8
NO2- 1–6 218 316 163.2 244 344 159.6 202 301 162.0


solvent complexes
CH2Cl2 1–7 – – – – – – 215 324 175.1
CHCl3 1–8 – – – – – – 202 311 172.2
H2O 1–9 – – – – – – 199 294 160.6
ACHTUNGTRENNUNG(H2O)4 1–10 207 307 163.2 246 346 165.6 171 270 166.8
ACHTUNGTRENNUNG(CHCl3)2 1–11 – – – – – – 205 313 163.8


Table 3. BSSE, interaction energies DECP
adia and strained energies DECP


strain. DECF
wheel denotes the contribution to


DEstrain arising from the wheel; DECF
guest gives the corresponding value for the guest (in cases 1–10 and 1–11 the


mean values per guest molecule are given). The column DECP
Cosmo corresponds to interaction energies obtained


from COSMO calculations (e =4.81).[61] All values in [kJ mol�1].


Guest No. BSSE DECP
adia DECP


strain DECF
wheel DECF


guest DECP
Cosmo


axle–wheel complexes
MeO- 1–2 �6.4 �37.9 �48.4 �7.5 �3.3 �0.5
Cl- 1–3 �6.2 �36.6 �47.2 �7.4 �3.2 0.4
H- 1–4 �6.2 �36.5 �46.9 �7.3 �3.1 0.6
tBu- 1–5 �6.2 �36.0 �46.8 �7.3 �3.5 1.9
NO2- 1–6 �6.2 �35.7 �46.6 �7.5 �3.4 2.2


solvent complexes
CH2Cl2 1–7 �4.2 �13.9 �16.3 �1.8 �0.6 –
CHCl3 1–8 �4.4 �6.8 �8.4 �1.1 �0.5 8.7
H2O 1–9 �5.1 �23.2 �25.5 �2.0 �0.3 –
ACHTUNGTRENNUNG(H2O)4 1–10 �19.2 �65.2 �107.5 �10.8 �7.5 –
ACHTUNGTRENNUNG(CHCl3)2 1–11 �7.8 �8.8 �12.8 �3.5 �0.2 –
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teraction energies are quite large compared to the pseudoro-
taxanes and the single water complex 1–9.


The contributions to the strained interaction energy are
very similar as well, predicting a rearrangement energy of
~10 kJ mol�1 for structures 1–2 to 1–6. Thus, to form a ro-
taxane of the structural motif encountered in 1–2 to 1–6, an
approximate rearrangement energy of ~10 kJ mol�1 has to
be provided. With respect to this point, the wheel is affected
more significantly, showing values around ~7 kJ mol�1.
Again, the influence of the substitution pattern is not clearly
visible. As could be expected, the contributions to DECP


strain in
the case of 1–7 (CH2Cl2), 1–8 (CHCl3), 1–9 (H2O) and 1–11
((CHCl3)2) are much smaller due to the weaker complex in-
teractions and the smaller number of hydrogen bonds found
for these structures. The influence of the water chain in 1–
10 ((H2O)4) is again clearly visible in enlarged values espe-
cially for the wheel rearrangement.


A plot between the calculated interaction energies and
the experimental free binding enthalpies is illustrated in
Figure 6. In the case of compounds 1–3 to 1–6, the linear
correlation is somewhat well obtained, whereas 1–2 can be
identified as the largest outlier even if the experimental
error of ~2 kJ mol�1 in DGexp


1 is considered.


To examine the accuracy of the DFT-computed interac-
tion energy with respect to this observation, additional BP86
and MP2 calculations were performed for the truncated sys-
tems given in Figure 2, which illustrates the mesomeric
forms (the axle propyl group was furthermore replaced by a
methyl group and the wheel fragment amide nitrogen atoms
were saturated with hydrogen atoms). The results of these
computations are summarised in Table 4.


These numbers demonstrate that the influence of the axle
substitution is quite well captured by DFT in the case of the
methoxy and the chlorine substituents, whereas in the case
of the remaining substituents both methods predict a differ-


ence in interaction energy of ~10 kJ mol�1. The large differ-
ences to the interaction energies DECP


adia listed in Table 3 are
due to the restriction to the two-fold hydrogen bridge w!
a ACHTUNGTRENNUNG(1,2), which is the only hydrogen-bond connection consid-
ered in this model calculation. The special behaviour of the
2 (MeO-) pseudorotaxane could thus be rooted in the bad
description of dispersion for the other complexes.


Another reason for the outlying behaviour of complex 1–
2 could lie in the specific position of the methoxy group,
which in principle can freely rotate around the C�O bond.
To check this possibility, several structure optimisations
were carried out for different dihedral angles C-C-O-Me,
which without exception converged to the flat arrangement
with an dihedral angle of ~08. In addition, two constrained
optimisations were performed by fixing the dihedral angle
to values of 45 and 908, respectively. The results for the geo-
metries obtained from these calculations proved that such
constrained structures are about 97 kJ mol�1 (458) and
105 kJ mol�1 (908) higher in energy than the corresponding
relaxed geometries. Obviously, the interaction between the
p system and the lone pairs of the oxygen atom in the me-
thoxy group receives a maximal stabilisation at a dihedral
angle of ~08.


Above, we suggested the idea of taking a structural pa-
rameter, for example, the square area within the macrocycle,
as a measure for the interaction strength between wheel and
guest. Compared to the calculated adiabatic interaction en-
ergies, the trend of area reduction is roughly reproduced, at
least considering the weakest- and strongest-bound pseudor-
otaxanes 1–6, 1–2 as well as the dichloromethane complex
1–7 and the chloroform complex 1–8 (see Supporting Infor-
mation). In the case of structures 1–3 (Cl-), 1–4 (H-), 1–5
(tBu) and the water-containing structures 1–9 (H2O) and 1–
10 ((H2O)4), the correlation between area reduction and in-
teraction energy is clearly absent, which again might be a
result of the error-proneness due to the similar values ob-
tained for these structures and additional steric effects of
the water chain in the case of 1–10.


Wave-function analysis : For a summary of the electronic
properties of all investigated structures see Tables 5 and 6.
Please note that the dipole moment of the isolated wheel
amounts to 5.65 D. The computed total dipole moments mtot


for the pseudorotaxanes as well as 1–10 ((H2O)4) are within
a narrow range of 11–12 Debye, whereas the other solvent


Figure 6. Calculated adiabatic interaction energy DECP
adia plotted against


the experimental free binding enthalpy DGexp
1 .


Table 4. Adiabatic interaction energies DECP
adia for truncated complexes


(see Figure 2 and text) obtained from BP86 optimisations and MP2
single-point calculations. The TZVP basis set was used throughout. All
values in [kJ mol�1].


BP86 MP2
Guest No. BSSE DECP


adia BSSE DECP
adia


MeO- 2 �1.9 �40.0 �12.1 �41.0
Cl- 3 �2.7 �33.0 �12.1 �36.9
H- 4 �2.7 �18.1 �11.3 �27.7
tBu- 5 �2.8 �19.4 �11.8 �28.5
NO2- 6 �2.5 �9.7 �10.5 �20.2
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complexes show a reduced total dipole moment of about
8 Debye. Axle 6 (NO2-) assumes the largest value of all
guests in both isolated and complex geometry and comes
close to the corresponding value obtained for the free mac-
rocycle 1 (5.65 D), whereas the total dipole moment com-
puted for pseudorotaxane 1–6 (NO2-) is smaller than that of
all other complexes (with the exception of most of the sol-
vent complexes). Axle 2 (MeO-) shows the smallest result
of all pseudorotaxane components in both geometries, lying
only 0.39 Debye (0.83 Debye for the strained geometry)
above the water guest. These results thus yield the unexpect-
ed observation that the axles with the smallest isolated
dipole moment belong to complexes with the largest interac-
tion energy and vice versa (compare Table 3), which means
that the acceptor function of the axle is dominant.


We find a slight increase in the dipole moments of all
components by comparing isolated to complex geometries,
that is, the complex formation leads to a polarisation of all
structures with the exception of the macrocycle 1 in the mul-
tiple complexes 1–10 ((H2O)4) and 1–11 ((CHCl3)2). In these
cases the wheel (5.30 and 5.47 D, respectively) is depolar-
ised, that is, its dipole is smaller than the value of the isolat-
ed 1 (5.65 D). The trend of increasing dipole moments as in-
teraction energy decreases observed for the axles in the iso-
lated geometry is also true for the strained geometries, with
the exception of axles 3 (Cl-) and 4 (H-), which show an in-
verted order of values.


The angles b computed for 1–2 to 1–6 predict a rather flat
arrangement of the dipole moments. However, the optimal


arrangement seems not to be
possible due to the structural
constraints induced by the hy-
drogen bonds (see Figure S2 in
the Supporting Information).
Altogether, the computed
values are rather large com-
pared to, for example, water
(2.13 D) and compound 1–9
(7.63 D), which indicates that
dipole–dipole interactions must
play a non-negligible role in the
overall host–guest interaction,
as discussed elsewhere for dif-
ferent functional groups.[68]


As already noted, a compari-
son between the dipole mo-
ments of the axles 2 (MeO-) to
6 (NO2-) in the isolated geome-
try and the interaction energies
listed in Table 3 indicates a
direct connection of increasing
interaction energy and decreas-
ing dipole moment, that is, the
weakest-bound complex 1–6
(NO2-) corresponds to the iso-
lated guest with largest dipole
moment, and the strongest-


bound complex 1–2 (MeO-) corresponds with the smallest
isolated axle dipole. This inverse relation is even more obvi-
ous for the more accurate MP2/TZVPP results shown in
Table 5 and corresponds to the correlation of molecular-
guest properties with host–guest interaction energies, as al-
ready observed for smaller inclusion complexes.[16] The most
strongly bound pseudorotaxane 1–2 (MeO-) not only exhib-
its the smallest total dipole moment, but also the smallest
dipole angle. This indeed might be interpreted as a com-
bined hydrogen-bond and dipole–dipole contribution to the
interaction energy or as a more easily achievable rearrange-
ment to the ideal dipole–dipole position for complexes with
less-rigid hydrogen bonds. Figure 7 illustrates the calculated
dipole moment for isolated axles 2 (MeO-) to 6 (NO2-) plot-
ted against the experimental free binding enthalpy of the
corresponding complexes 1–2 to 1–6. In this plot compounds
1–2 and 1–6 can be identified as outliers if a linear relation
between axle dipole moment and experimental DGexp


1 values
is assumed, whereas 1–3 to 1–5 are somewhat better fitting.
The MP2/TZVPP result for 1–2 (MeO-) turns out to be
more consistent with respect to the remaining data points as
well, but still yields a rather small value.


As mentioned above, the reason for the exceptional be-
haviour of 1–6 in Figure 7 and of 1–2 (MeO-) in Figures 7
and 6 cannot be solely attributed to the fact that additional
interactions possibly important for the host–guest interac-
tion are poorly treated by DFT. The results from Tables 4
and 5 and Figures 6 and 7 rather indicate an especially
strong treatment of the stabilising substitution effect in 1–2


Table 5. Computed dipole moments m. All values are in [D] (b [8] denotes the angle between the dipole
moment of host and guest in the complex geometry). mMP2,axle contains additional MP2/TZVPP values. In the
case of 1–11, the axle values in the complex geometry are mean values per guest molecule.


isolated complex
Guest No. maxle mMP2


axle mwheel maxle mtot b


axle–wheel complexes
MeO- 2 2.52 3.23 5.72 2.98 11.40 27.8
Cl- 3 3.50 3.47 5.75 3.74 11.34 52.4
H- 4 3.49 3.80 5.73 3.66 11.78 33.9
tBu- 5 3.66 4.08 5.74 3.83 12.04 30.7
NO2- 6 5.51 5.33 5.78 5.74 11.11 80.8


solvent complexes
CH2Cl2 7 1.80 1.86 5.70 1.83 8.42 24.3
CHCl3 8 1.18 1.24 5.67 1.21 8.02 15.8
H2O 9 2.13 2.06 5.73 2.15 7.63 13.5
ACHTUNGTRENNUNG(H2O)4 10 3.81 3.45 5.30 7.62 11.35 31.2
ACHTUNGTRENNUNG(CHCl3)2 11 1.18 1.24 5.47 1.20 7.86 16.6


Table 6. Results of the NPA for complexes 1–2 to 1–6. Values for the charge analysis refer to the hydrogen
atom (qdon) and hydrogen-bond acceptor (qacc). For denotation of hydrogen bonds, see Table 2. All charges are
in [e].


w!a(1) w!a(2) a!w
Guest No. qdon qacc qdon qacc qdon qacc


MeO- 1–2 0.454 �0.765 0.449 �0.765 0.457 �0.703
Cl- 1–3 0.452 �0.755 0.447 �0.755 0.460 �0.707
H- 1–4 0.453 �0.758 0.448 �0.758 0.459 �0.703
tBu- 1–5 0.453 �0.761 0.449 �0.761 0.458 �0.701
NO2- 1–6 0.450 �0.747 0.445 �0.747 0.463 �0.712
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(MeO-) by DFT relative to the other complexes and a corre-
sponding reverse effect in 1–6. Furthermore, a contribution
to the interaction energy not considered so far is expected
to result in a less-stable bound complex, that is, the outliers
should occur in the more positive region of Figure 6. This is
not the case for compound 1–2.


To compare charges on the hydrogen atoms and hydro-
gen-bond acceptors we performed a natural population anal-
ysis (NPA) on the equilibrium geometries of all pseudoro-
taxanes as introduced by Weinhold et al. (see Table 6).[69]


The values obtained for all three hydrogen bonds are very
similar. The only significant difference can be found for the
a!w oxygen-acceptor atom, which lies ~0.05 e above the
computed values of the two other hydrogen-bond acceptors,
and the w!a(2) hydrogen atom, which shows a slightly re-
duced charge relative to the other hydrogen atoms involved
in hydrogen bonding. This is in accordance with the results
described above, in which the w!a(2) bond was predicted
to be longer than the w!a(1) bond by ~25 pm.


The two-centre shared-electron numbers (SEN) calculated
for all atoms involved in hydrogen bonding are summarised
in Table 7. In all cases, the largest SEN is associated with
either the wheel-to-axle hydrogen bond w!a(1) or the
single axle-to-wheel hydrogen bond a!w. This fact is in
accord with the bond lengths from Table 2, in which these
hydrogen bonds are the ones with the shortest interatomic


distances. The SEN of the wheel-to-axle hydrogen bond w!
a(2) is less than half of that found for the other two bonds
(e.g., 0.0089 e compared to 0.0226 e and 0.0232 e, respective-
ly, for compound 1–3), which indicates only a minor contri-
bution from this bond to the overall interaction energy of
the complex.


The results of the SEN method for the estimation of hy-
drogen-bond strengths applied to complexes 1–2 to 1–6 are
also summarised in Table 7.


As expected, the overall energies determined by the SEN
method Es


total are smaller than the corresponding adiabatic
interaction energies obtained from the supramolecular ap-
proach, DECP


adia. These results clearly demonstrate that the
major contribution to the overall interaction energy ob-
tained with BP86/TZVP is given by the binding energy of
the hydrogen bonds, but further interactions seem reasona-
ble.


The single hydrogen bonds lie within similar ranges for all
five pseudorotaxanes, covering values ranging from �13.0 to
�16.0 kJ mol�1 for the strong hydrogen bonds w!a(1) and
a!w, whereas the weaker hydrogen bond w!a(2) assumes
values of between �3.8 and �5.2 kJ mol�1. Complex 1–2
(MeO-) is again predicted to form the strongest bonds.


The main observation from the individual hydrogen-bond
energy analysis can be summarised by the following consid-
erations: It is clear from Table 7 that only a small or almost
no substitution trend in the energies (DECP


adia to DGexp
1 ) can


be observed. The substitution pattern provides opposite
electronic trends, such that the donating and accepting
group annihilate or blur these effects in an overall sense.
For example, the methoxy group in 1–2 is supposed to
weaken a donating hydrogen bond (see first line in Table 7,
�13.1 compared to �13.9 kJ mol�1 for the unsubstituted
structure 1–4 (H-)). At the same time it enhances the hydro-
gen-accepting bond w!a ACHTUNGTRENNUNG(1,2) (compare �15.8 kJ mol�1 pre-
dicted for 1–2 (MeO-) to �14.4 kJ mol�1 found for the un-
substituted case 1–4 (H-), see also Figure 2). This behaviour
is inverted in the case of the NO2 group, that is, the donor
hydrogen bond is amplified (�16.0 to �13.9 kJ mol�1 in 1–4
(H-)) and the acceptor bonds are weakened (�13.0 to
�14.4 kJ mol�1 in 1–4 (H-)). As the overall trend predicts a
most stable 1–2 (MeO-) followed by 1–3 (Cl-) etc., the dom-
inating hydrogen bond can clearly be identified to be the ac-
cepting bond for the axles, which was already indicated
through the discussion of the dipole moments. This is sur-
prising as one might expect that the substitution effect influ-
ences the donating group in a more significant way.


Thermochemical properties :
Now we focus on the compari-
son between experimental and
computational free binding en-
thalpies. We obtain the comput-
ed free enthalpies firstly by the
complex formation according to
the reaction between the consti-
tuting monomers [Eq. (4)]:


Figure 7. Calculated dipole moments (*: BP86, &: MP2) for axles 2 to 6
plotted against the experimental free binding enthalpy DGexp


1 .


Table 7. Hydrogen-bond energies Es
HA and interaction energies DECP


adia. E
s
total denotes the sum of the individual


hydrogen-bond contributions Es
HA for a given complex. sHA in [e], energies in [kJ mol�1].


w!a(1) w!a(2) a!w
Guest No. sHA Es


HA sHA Es
HA sHA Es


HA Es
total DECP


adia


MeO- 1–2 0.0246 �15.8 0.0099 �5.2 0.0209 �13.1 �34.1 �37.9
Cl- 1–3 0.0226 �14.4 0.0089 �4.4 0.0232 �14.8 �33.6 �36.6
H- 1–4 0.0227 �14.4 0.0091 �4.6 0.0220 �13.9 �32.9 �36.5
tBu- 1–5 0.0227 �14.4 0.0097 �5.0 0.0213 �13.4 �32.8 �36.0
NO2- 1–6 0.0208 �13.0 0.0080 �3.8 0.0249 �16.0 �32.8 �35.7
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wheelþ axle! pseudorotaxane ð4Þ


and secondly by an exchange reaction according to Equa-
tion (5):


wheel � solvþ axle! pseudorotaxaneþ solv ð5Þ


Here the term “solv” abbreviates any kind of solvent mole-
cule that serves as a guest at reaction start.


Furthermore, a combination of the interaction energies
DECP


Cosmo obtained from the COSMO calculations and the
free reaction enthalpies DRG of the standard calculations is
included in Table 8. Because the experimental measure-


ments are carried out in chloroform, structure 1–8 (CHCl3)
together with the different axles 2 to 6 were used as reac-
tants for the exchange approach concerning the comparison
with the experiment, however, a summary of thermochemi-
cal properties employing the other solvent complexes is
given as well. Because the interaction energy calculated for
1–8 (CHCl3) is very similar to the one obtained for 1–11
((CHCl3)2) (see Table 3), we expect no large difference in
the thermochemical data upon reactant exchange from 1–8
to 1–11. In addition, the thermochemistry of the two more-
simple model systems 12 and 13 is presented as a sample
case of more-flexible rotaxane mimics.[15] Table 8 summaris-
es the results of the thermochemical analysis.


It is apparent that for all cases both proposed reaction
types lead to contrary results concerning the free reaction
enthalpy, and it is clear that this discrepancy arises from dif-
ferences in the reaction entropy predicted for both path-
ways. A comparison of the reaction enthalpies DRH shows
that these values only differ at the first decimal place and
systematically follow the same trend. Furthermore, the DRH
values predict an exothermic reaction in both cases. Moving
on to the reaction entropy contribution TDRS, one immedi-
ately notices a large difference in the computed TDRS


values of about 35–40 kJ mol�1 between both reaction path-
ways. In the case of the exchange reaction, the computed
absolute reaction entropy DRS is much smaller (even posi-
tive for the solvent-exchange reactions 1–8 (CHCl3)!1–7
(CH2Cl2) and 1–8 (CHCl3)!1–9 (H2O)) and the free reac-
tion enthalpy DRG is negative for all examined complexes,
thus predicting thermodynamically stable pseudorotaxane
structures. Because the entropy differences of all non-sol-
vent exchange reactions are negative, we expect a formal
decrease in entropy and more highly ordered reaction prod-
ucts for both suggested reaction pathways, which in the case
of the reaction shown in Equation (5) can be compensated
by the exothermic change in enthalpy and the release of the


solvent guest. This confirms the
idea of a template working as
an entropic sink.


The computed DRG
f values


for 1–7 (CH2Cl2) to 1–9 (H2O)
are positive and even larger
than all pseudorotaxane values
(with the exception of 1–9). For
compound 1–10 ((H2O)4) we
find a strongly exothermic reac-
tion enthalpy, which should
mainly be rooted in the forma-
tion of the additional host–
guest hydrogen bonds, whereas
the entropy term is only slightly
affected. In the case of the ro-
taxane mimics 12 and 13, the
computed reaction enthalpies
correspond well to the values
obtained for 1–2 to 1–6. The en-
tropy values are again very


large and predict endergonic formation reactions.
The mixed DRGCosmo values reproduce the original DRG


trend quite well, but they are at the same time larger by
about 35 kJ mol�1 in the case of the formation mechanism
and by about 22 kJ mol�1 in the case of the exchange reac-
tion.


To study the effect of different solvents on the exchange
reaction according to Equation (5), the solvent complexes
1–7 to 1–10 were taken as reaction partners for the axles 2
to 6 instead of 1–8 (see Supporting Information). The results
of these calculations demonstrate that the choice of the sol-
vent guest has a strong influence upon the thermochemical
reaction data, as could be expected from chemical intuition.
This behaviour is not surprising concerning the large DECP


adia


values obtained for 1–9 and 1–10, which work as a drawback
for the exchange towards the pseudorotaxane complexes
due to the displacement that has to take place in the ex-
change mechanism. This indicates that even a small aqueous
impurity in the solvent could hinder the rotaxane synthesis
significantly.


After selecting the exchange-reaction mechanism
[Eq. (5)] as the more probable variant of the pseudorotax-
ane formation, the computed thermochemical properties as


Table 8. Thermochemical quantities at T=298.15 K and p=101 325 Pa. Complex 1–8 (CHCl3) was used as re-
action partner for all other guests in the case of the exchange reaction. DRGCosmo denotes free reaction enthal-
pies based on the interaction energies DECP


Cosmo obtained from COSMO calculations (e =4.81). All values in
[kJ mol�1].


formation exchange
Guest No. DRH


f TDRS
f DRG


f DRG
f
Cosmo DRH


ex TDRS
ex DRG


ex DRG
ex
Cosmo


axle–wheel complexes
MeO- 1–2 �29.7 �49.0 19.3 56.7 �29.9 �2.3 �27.6 �5.5
Cl- 1–3 �28.1 �50.6 22.4 59.4 �28.3 �3.8 �24.5 �3.0
H- 1–4 �28.2 �50.4 22.2 59.3 �28.4 �3.7 �24.7 �3.1
tBu- 1–5 �28.2 �49.5 21.3 59.2 �28.4 �2.7 �25.7 �3.3
NO2- 1–6 �26.9 �52.1 25.1 63.0 �27.1 �5.3 �21.8 0.6


solvent complexes
CH2Cl2 1–7 �6.1 �41.5 35.5 – �6.3 5.2 �11.5 –
CHCl3 1–8 0.2 �46.7 46.9 62.4 0.0 0.0 0.0 0.0
H2O 1–9 �14.4 �33.7 19.3 – �14.6 13.1 �27.7 –
ACHTUNGTRENNUNG(H2O)4 1–10 �56.3 �52.7 �3.6 – �56.5 �6.0 �50.5 –


rotaxane mimics
H ACHTUNGTRENNUNG(2-fold) 12 �29.0 �45.7 16.7 – – – – –
H ACHTUNGTRENNUNG(1-fold) 13 �16.0 �43.9 27.9 – – – – –
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well as the thermally uncorrected interaction energies are
now compared to the experimental free reaction enthalpies
obtained from NMR-titration and the van%t Hoff method
(see above and Table 9).


Considering the computed DRG results, we find a devia-
tion of 10–15 kJ mol�1 for all cases between theory and ex-
periment. The largest difference of about ~15 kJ mol�1 can
again be observed for 1–2 (MeO-), which is no surprise, as
already discussed above.


The differences between experimental results and the
DRGCosmo values are comparable, but in this case the reaction
towards the pseudorotaxanes is predicted to be thermody-
namically less favourable. For one single complex (1–3, Cl-),
the experimental enthalpic and entropic contributions to the
Gibbs free reaction enthalpy were determined by using the
van%t Hoff method, yielding values of DHexp =�22.0 kJ mol�1


and TDSexp =�8.8 kJ mol�1, respectively. Again these num-
bers are in acceptable accordance with the theoretical
values (see Table 9).


The overall results thus indicate that the dominating sol-
vent effect concerning complex formation lies in the cavity
occupation of the solvent particle, that is, the chloroform
molecule from within the wheel. A closer agreement be-
tween static first principles calculation and experiment
seems hardly achievable, as the dynamic character of the
host–guest exchange is not included in this static model and
our microsolvation approach is limited to a single solvent
molecule in this case. Problems of this kind were also en-
countered in previous studies, but they might be reduced by
a chemically sensible inclusion of additional solvent mole-
cules within the cavity of the host.[63] The general impor-
tance of dynamic effects in supramolecular chemistry could
also be shown previously by several molecular dynamic
studies.[9,36, 70,71] However, our results demonstrate the impor-
tance of actually including one solvent molecule in the
cavity compared to the completely isolated gas-phase calcu-
lation, which yields values totally incomparable to the exper-
imental data.


For the theoretical investigation of supramolecular sys-
tems in solution we thus suggest to examine reactions of the
exchange type [Eq. (5)] instead of the simple direct forma-
tion according to Equation (4). Even if the solvent guest
does not bind very strongly to the host, a molecular dis-
placement has to take place in order to develop the desired


host–guest complex, and as our results demonstrate, the en-
ergetics of this displacement process can have a significant
influence on the outcome of entropy calculations. Further-
more, the inclusion of one or more solvent molecules in the


reactant structures is easily con-
verted and should not increase
the computational costs drasti-
cally.


Conclusion


In this study, we presented and
compared the results of density
functional calculations on large
pseudorotaxane complexes and
have compared these to experi-


mental values based on NMR titrations. The results ob-
tained from the geometry optimisation indicated the pres-
ence of three amide-type hydrogen bonds in each pseudoro-
taxane. All of these bonds could be classified according to
their bond lengths, which were found to be similar for the
w!a(1) and a!w bonds in all complexes. This is also true
in the case of the elongated hydrogen bond w!a(2).


The calculated adiabatic interaction energies are very sim-
ilar for 1–2 (MeO-) to 1–6 (NO2-) and differ only by
~3 kJ mol�1, whereas 1–7 (CH2Cl2) and 1–8 (CHCl3) show
significantly reduced interaction energies due to the smaller
number and different types of hydrogen bonds. In contrast,
the water-containing compounds 1–9 (H2O) and 1–10
((H2O)4) yield rather large values of around ~20 kJ mol�1


per hydrogen bond, which agree well with the hydrogen-
bond energy of pure water.


The question of how rotaxanes can be modified is an-
swered by the following observations. Our results indicate
that the overall intermolecular interaction is affected only
slightly by the functional groups at the axle%s end. However,
the isolated axle%s dipole moment shows a strong depend-
ence on the functional ending group. An increase in dipole
moment was observed with the trend of a reduced absolute
interaction energy, indicating that the hydrogen bonds work
as a steric hindrance for the ideal total dipole arrangement.
All hydrogen-bond strengths obtained from the SEN
method agree well with the interatomic distances of the op-
timised geometries in predicting two strong and one weak
hydrogen bond for each pseudorotaxane. The stability trend
obtained from the supramolecular approach is quite proper-
ly reproduced by the SEN method as well. As the most im-
portant results, the SEN analysis reveals opposite trends for
the individual hydrogen bonds: The proton-donating bridges
a!w decrease from 1–2 (MeO-) to 1–6 (NO2-), whereas
both proton-accepting bridges increase from 1–2 (MeO-) to
1–6 (NO2-). This explains why in total almost no trend is ob-
served. For a closer inspection of substituent effects, we thus
recommend the examination of guests featuring only a
single hydrogen-bond function, as in the case of the truncat-
ed structures illustrated in Figure 2. The interaction energies


Table 9. Calculated electronic and thermochemical energies of the exchange reaction [Eq. (5)] at T=298.15 K
and p=101 325 Pa compared to the experimental free binding enthalpies DGexp


1 at T=303 K. The chloroform
complex 1–8 is chosen as reaction partner for all axles. DEZPE


adia corresponds to the adiabatic interaction energy
corrected for the zero-point energy (ZPE). All values in [kJ mol�1].


Guest No. DECP
adia DECP


strain DEZPE
adia DRH TDRS DRG DRGCosmo DGexp


1


MeO- 1–2 �37.9 �48.4 �35.8 �29.9 �2.3 �27.6 �5.5 �12.1
Cl- 1–3 �36.6 �47.2 �33.9 �28.3 �3.8 �24.5 �3.0 �13.6
H- 1–4 �36.5 �46.9 �33.9 �28.4 �3.7 �24.7 �3.1 �11.0
tBu- 1–5 �36.0 �46.8 �34.6 �28.4 �2.7 �25.7 �3.3 �11.4
NO2- 1–6 �35.7 �46.6 �32.6 �27.1 �5.3 �21.8 0.6 �13.7
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obtained for these systems show a pronounced substituent
effect (see Table 4). This is in accordance with Chang et al. ,
who observed similar trends for the proton-donating bridge
from the macrocycle.[32]


For the thermochemical analysis we proposed two differ-
ent models, namely the direct formation according to Equa-
tion (4) and the guest-exchange reaction formulated in
Equation (5). Comparison of the thermochemical quantities
obtained from both models shows a significant influence of
the entropic contribution, which differs by about
~45 kJ mol�1 at 298 K. As a consequence, only the ex-
change-reaction path could predict stable pseudorotaxane
complexes and thus was chosen as the variant closer to the
experiment. A mixed approach considering interaction ener-
gies from COSMO calculations and thermal corrections
from pure gas-phase calculations resulted in stable pseudor-
otaxanes according to the exchange mechanism [Eq. (5)] as
well, but predicted free reaction enthalpies with absolute
values being about 22 kJ mol�1 lower than the original
values. Upon comparison with the experimental values ob-
tained from NMR titrations, we find good agreement be-
tween theory and experiment for all investigated complexes.


Thus, the guest-exchange reaction path might be an ap-
propriate ansatz for the static quantum chemical calculation
of thermochemical properties in supramolecular architec-
tures, which partly covers the influence of the solvent by in-
cluding one or more solvent molecules as supramolecular
guests to the first-principles calculation. In the case of the
amide-type pseudorotaxanes 1–2 to 1–6, the experimental
free reaction enthalpies are accurately reproduced by the
explicit treatment and the corresponding exchange reaction.
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Pieter C. A. Bruijnincx,[a] Inge L. C. Buurmans,[a] Silvia Gosiewska,[a]


Marcel A. H. Moelands,[a] Martin Lutz,[b] Anthony L. Spek,[b] Gerard van Koten,[a] and
Robertus J. M. Klein Gebbink*[a]


Introduction


The selective and catalytic oxidation of organic substrates is
an important area of research in both academia and indus-
try.[1] Nature has developed several strategies for dioxygen
activation and uses metalloenzymes to selectively oxidize
and functionalize hydrocarbons. An important group of


these metalloenzymes are the non-heme iron oxygenases.[2,3]


A specific subset that utilizes a mononuclear, non-heme
iron(II) center coordinated by the so-called 2-His-1-carbox-
ylate facial triad has recently emerged as a common, versa-
tile platform for these oxidative transformations.[4] The
Rieske dioxygenases belong to this class of enzymes and cat-
alyze the stereospecific cis-dihydroxylation of arenes as the
first step in the biodegradation of these compounds. Naph-
thalene 1,2-dioxygenase (NDO) was the first Rieske dioxy-
genase to be characterized crystallographically.[5] The active
site of NDO with bound substrate (Figure 1) features a
mononuclear iron center coordinated by two histidines and
a bidentate aspartate in a variation on the 2-His-1-carboxyl-
ate facial triad.[5] This bidentate binding mode is found in
some, but not all, crystallographically characterized Rieske
dioxygenases.[6] Figure 1 also shows the cis-dihydroxylation
reaction.


The unique reactivity of non-heme iron enzymes has in-
spired the development of synthetic non-heme iron com-
plexes as potential oxidation catalysts.[1,2] The family of tpa-
and bpmen-based catalysts (tpa: tris(2-pyridylmethyl)amine;
bpmen: N,N’-dimethyl-N,N’-bis(2-pyridylmethyl)ethane-1,2-
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Abstract: The Rieske dioxygenases are
a group of non-heme iron enzymes,
which catalyze the stereospecific cis-di-
hydroxylation of its substrates. Herein,
we report the iron(II) coordination
chemistry of the ligands 3,3-bis(1-
methyl ACHTUNGTRENNUNGimidazol-2-yl)propionate (L1)
and its neutral propyl ester analogue
propyl 3,3-bis(1-methylimidazol-2-yl)-
propionate (PrL1). The molecular
structures of two iron(II) complexes
with PrL1 were determined and two
different coordination modes of the
ligand were observed. In [FeII


ACHTUNGTRENNUNG(PrL1)2]-
ACHTUNGTRENNUNG(BPh4)2 (3) the ligand is facially coordi-


nated to the metal with an N,N,O
donor set, whereas in [FeII


ACHTUNGTRENNUNG(PrL1)2-
ACHTUNGTRENNUNG(MeOH)2]ACHTUNGTRENNUNG(OTf)2 (4) a bidentate N,N
binding mode is found. In 4, the sol-
vent molecules are in a cis arrangement
with respect to each other. Complex 4
is a close structural mimic of the crys-
tallographically characterized non-
heme iron(II) enzyme apocarotenoid-
15–15’-oxygenase (APO). The mecha-
nistic features of APO are thought to


be similar to those of the Rieske oxy-
genases, the original inspiration for this
work. The non-heme iron complexes
[FeII


ACHTUNGTRENNUNG(PrL1)2] ACHTUNGTRENNUNG(OTf)2 (2) and [FeII-
ACHTUNGTRENNUNG(PrL1)2]ACHTUNGTRENNUNG(BPh4)2 (3) were tested in
olefin oxidation reactions with H2O2 as
the terminal oxidant. Whereas 2 was
an active catalyst and both epoxide and
cis-dihydroxylation products were ob-
served, 3 showed negligible activity
under the same conditions, illustrating
the importance of the anion in the re-
action.Keywords: hydrogen bonds · iron ·


N,N,O ligands · olefins · oxidation
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diamine) developed by Que et al., for instance, catalyze the
epoxidation and/or cis-dihydroxylation of olefins with H2O2


as oxidant.[7–9] These catalysts therefore serve as excellent
functional models of the non-heme iron oxygenases. Other
mononuclear iron systems capable of olefin epoxidation
have also been reported.[10–14] All ligands employed in these
studies provide the metal center with an all-N donor set,
which does not accurately reflect the Nim,Nim,Ocarb ligand en-
vironment found at the active site of the enzymes. For this
reason, attention has been devoted recently to the develop-
ment of iron complexes with mixed donor ligands.[15–19] Bur-
zlaff et al., for example, have reported on the iron coordina-
tion chemistry of the bispyrazolylacetate N,N,O ligand
system,[15,16] and Que et al. recently communicated a very ef-
fective olefin cis-dihydroxylation catalyst based on the bis(2-
pyridyl)methylbenzamide ligand.[18] A different approach to
the isolation of mononuclear iron(II) complexes with a
N,N,Ocarboxylato donor set has also been reported recently; it
involves the use of sterically hindered bidentate N and mon-
odentate O donor ligands.[20] Very recently, a mononuclear
iron(II) complex has been reported with an N,N,O ligand,
which accurately captures the bidentate coordination mode
of the carboxylate, as found in some of the Rieske dioxyge-
nases. This complex showed olefin cis-dihydroxylation,
albeit with poor reactivity amounting to less than one turn-
over.[21]


As part of our efforts to build suitable models that mimic
the active site of non-heme iron(II) enzymes, which exhibit
the so-called 2-His-1-carboxylate facial triad,[2,4] we have
been studying the coordination chemistry of the substituted
bis(1-alkylimidazol-2-yl)propionate ligand family[22,23] and
have synthesized mononuclear iron complexes that accurate-
ly mimic the coordination environment of the 2-His-1-car-
boxylate facial triad.[24] Here, we describe the synthesis and
structural characterization of bio-inspired iron(II) com-
plexes with the ligand 3,3-bis(1-methylimidazol-2-yl)propio-
nate (L1) and its neutral ester analogue propyl 3,3-bis(1-
methylimidazol-2-yl)propionate (PrL1). The latter com-


plexes were found to be active catalysts in the epoxidation
and cis-dihydroxylation of olefinic substrates.


Results


Synthesis and characterization of the iron(II) complexes
1–4 : We have previously reported the synthesis and
copper(II) coordination chemistry of the new bis(1-alkylimi-
dazol-2-yl)propionate ligand family.[22,23] In analogy to the
[CuL2] complexes, we synthesized the 2:1 iron(II) complex
with ligand L1 (Figure 2). The addition of 0.5 equiv


FeII


ACHTUNGTRENNUNG(OTf)2·2 MeCN to a solution containing the tetrabutyl-
ammonium salt of L1 (3,3-bis(1-methylimidazol-2-yl)propio-
nate) in methanol resulted in the formation of neutral
[FeII(L1)2] (1). The white product was analyzed by ESI-MS,
IR spectroscopy, and elemental analysis. The ESI-MS and
elemental analysis data point to the formation of a mononu-
clear, neutral species with a 2:1 ligand/metal ratio. The
major peaks at m/z 523.00 and 261.98 in the ESI-MS spec-
trum correspond to the [Fe(L1)2+H]+ and [Fe(L1)2+2H]2+


ions, respectively. The IR absorption spectrum obtained for
the iron(II) complex is similar to that of the copper(II) com-
plex[23] and, most importantly, the asymmetric stretching vi-
bration of the carboxylato group is found at the same fre-
quency (ñas =1580 cm�1). This indicates that the carboxylato
group is bound to the metal in the same fashion. The sym-
metric stretch of the carboxylato group is assigned to the ab-
sorption at 1392 cm�1, which results in a D ACHTUNGTRENNUNG(ñas�ñs) of
188 cm�1. It has been shown recently that this D value is de-
termined by the coordination mode symmetry and thus pro-
vides a useful structural probe.[25] The D ACHTUNGTRENNUNG(ñas�ñs) value is
identical to D ACHTUNGTRENNUNG(ñas-ñs)ionic obtained for the corresponding free
carboxylate K[L1][23] and thus is indicative of a monodentate
binding mode of the carboxylate.[25] Based on these data, it


Figure 1. Active site of naphthalene 1,2-dioxygenase (NDO), a Rieske di-
oxygenase, with bound substrate (1O7G.pdb). The catalyzed cis-dihy-
droxylation reaction is also shown.


Figure 2. Iron(II) complexes [FeII(L1)2] (1) and [FeII


ACHTUNGTRENNUNG(PrL1)2] ACHTUNGTRENNUNG(OTf)2 (2).
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is proposed that [FeII(L1)2] (1) is isostructural with the cor-
responding copper(II) complex [CuII(L1)2]


[23] (Figure 2).
Two L1 ligands facially cap the iron(II) metal center in 1
through both imidazole N and the carboxylato O donor
atoms, very similarly to the coordination observed for the 2-
His-1-carboxylate facial triad.[2,4] The solution magnetic
moment of 1 in D2O as determined by EvansK NMR
method[26,27] amounts to 5.2mB, which is consistent with a
high-spin configuration (S=2) at ambient temperature. Un-
fortunately, attempts at obtaining single crystals of complex
1 for X-ray analysis failed.


Preliminary catalytic results in alkane and alkene oxida-
tions with H2O2 showed that 1 is not an active catalyst for
these kinds of transformations (vide infra). Therefore, we
also synthesized iron(II) complexes with the neutral ligand
PrL1 (propyl 3,3-bis(1-methylimidazol-2-yl)propionate), the
propyl ester precursor of L1. The mononuclear complex
[FeII


ACHTUNGTRENNUNG(PrL1)2] ACHTUNGTRENNUNG(OTf)2 (2) was synthesized by reaction of PrL1
(2 equiv) with FeII


ACHTUNGTRENNUNG(OTf)2·MeCN in methanol, affording an
off-white solid that could be recrystallized from acetonitrile/
diethyl ether. In the IR absorption spectrum of 2 the
ñ ACHTUNGTRENNUNG(C=O) absorption frequency appears at 1689 cm�1, a shift
of 35 cm�1 to lower wavenumbers compared to the free
ligand (ñ ACHTUNGTRENNUNG(C=O): 1724 cm�1). A similar shift has been ob-
served previously upon coordination of an ester carbonyl
functionality to an iron(II) metal center.[17] Furthermore, the
four sharp single vibrations at 1259 (ñasSO3), 1216 (ñsCF3),
1153 (ñasCF3), and 1030 (ñsSO3) cm�1 are indicative of the
presence of noncoordinated triflate anions.[17,28, 29] This im-
plies that each PrL1 is coordinated as a tridentate N,N,O
ligand (Figure 2). This notion is further corroborated by the
X-ray crystal structure determination of the complex [FeII-
ACHTUNGTRENNUNG(PrL1)2]ACHTUNGTRENNUNG(BPh4)2 (3) (vide infra), which features two facially
coordinated PrL1 ligands. The solution magnetic moment of
[FeII


ACHTUNGTRENNUNG(PrL1)2] ACHTUNGTRENNUNG(OTf)2 (2) in [D6]acetone was found to be
5.1mB, consistent with a high-spin iron(II) metal center.


To exclude any possible coordination of the anion to the
metal in solution and/or participation of the anion in hydro-
gen bonding, such as that observed in 4 (vide infra), we ex-
changed the triflates in 2 for
the noncoordinating tetraphe-
nylborate anions. [FeACHTUNGTRENNUNG(PrL1)2]-
ACHTUNGTRENNUNG(BPh4)2 (3) was synthesized by
addition of a methanolic solu-
tion of NaBPh4 to a solution of
2 in methanol followed by ad-
dition of water, which resulted
in immediate precipitation of
the crude product. The prod-
uct was recrystallized from an
acetonitrile/diethyl ether mix-
ture and characterized by IR
spectroscopy, ESI-MS, elemen-
tal analysis, and X-ray crystal
structure determination. The
sharp carbonyl stretch vibra-
tion observed at 1677 cm�1


again reflects the coordination of the carbonyl group of the
ester functionality to the iron(II) metal center. [FeACHTUNGTRENNUNG(PrL1)2]-
ACHTUNGTRENNUNG(BPh4)2 (3) is a high-spin iron(II) complex (meff = 5.0mB).
From the data given above it can be concluded that 2 and 3
have isostructural cations in the solid state.


Crystal structure of [FeACHTUNGTRENNUNG(PrL1)2] ACHTUNGTRENNUNG(BPh4)2 (3): Colorless crys-
tals of 3 suitable for X-ray diffraction were obtained by slow
evaporation of a dichloromethane solution of 3. The molec-
ular structure of the cation of 3 is depicted in Figure 3; se-


lected bond lengths and angles of 3 are presented in Table 1.
The crystal structure of 3 consists of discrete mononuclear


molecules. The iron(II) metal ion is situated on a crystallo-
graphic inversion center and two neutral PrL1 ligands are


Figure 3. Molecular structure of the [FeII


ACHTUNGTRENNUNG(PrL1)2]
2+ cation of 3 in the


crystal. All hydrogen atoms, the tetraphenylborate anions, and disordered
solvent molecules have been omitted for clarity. Displacement ellipsoids
are drawn at the 50% probability level. Symmetry operation a : 1�x,
1�y, 1�z.


Table 1. Selected bond lengths [N] and angles [8] for [Fe ACHTUNGTRENNUNG(PrL1)2] ACHTUNGTRENNUNG(BPh4)2 (3) and [Fe ACHTUNGTRENNUNG(PrL1)2 ACHTUNGTRENNUNG(MeOH)2] ACHTUNGTRENNUNG(OTf)2


(4)


Bond length Angle Angle


3
Fe1�N1 2.122(2) N1-Fe1-N 86.35(9) N1-Fe1-N4a 93.66(9)
Fe1�N4 2.100(2) N4-Fe1-O1 87.94(8) N1-Fe1-O1a 93.41(9)
Fe1�O1 2.228(2) N1-Fe1-O1 86.60(9) N4-Fe1-O1a 92.06(8)
C9�O1 1.216(4)
C9�O2 1.332(4)


4
Fe1�N11 2.161(2) N32-Fe1-O2 171.23(8) N31-Fe1-N32 101.75(8)
Fe1�N12 2.154(2) N11-Fe1-N12 175.78(8) N32-Fe1-O1 84.80(8)
Fe1�N31 2.135(2) N31-Fe1-O1 171.65(8) O1-Fe1-O2 86.62(8)
Fe1�N32 2.170(2) O2-Fe1-N31 86.96(8)
Fe1�O1 2.1941(19) N11-Fe1-N31 84.58(8) N12-Fe1-N32 84.63(8)
Fe1�O2 2.209(2) N31-Fe1-N12 97.79(8) N32-Fe1-N11 91.48(8)


N12-Fe1-O1 87.89(8) N11-Fe1-O2 90.33(8)
O1-Fe1-N11 90.13(8) O2-Fe1-N12 93.27(8)
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arranged centrosymmetrically around the metal. The ligands
cap the metal center facially through all three donor groups,
that is, two 1-methylimidazole nitrogen atoms and the car-
bonyl oxygen of the ester functionality, resulting in a six-co-
ordinate iron(II) metal center with an N4O2 donor set and
nearly ideal octahedral geometry. The deviation from ideal
octahedral geometry is reflected in the (diminished) angles,
which are mainly dictated by the inherent geometrical re-
strictions imposed by the tripodal ligand. The Fe�N distan-
ces (Fe1�N1 2.122(2) N, Fe1�N4 2.100(2) N) are character-
istic of a high-spin iron(II) metal center and are comparable
to those found in high-spin iron(II) complexes with polyimi-
dazole ligands.[30, 31] The structure is similar to the iron(II)
complex [FeII


ACHTUNGTRENNUNG(Ph-dpah)2] ACHTUNGTRENNUNG(OTf)2 (Ph-dpah: bis(2-pyridyl)me-
thylbenzamide) reported recently by Que et al. ,[18] featuring
an N4O2 donor set of four pyridines and two amide carbonyl
oxygens. Although the average Fe�N bonds in 3 are shorter
than those in [FeII


ACHTUNGTRENNUNG(Ph-dpah)2]ACHTUNGTRENNUNG(OTf)2 (2.11 N versus 2.18 N),
the Fe1�O1 bond (2.228(2) N) in 3 is considerably longer
than the amide carbonyl oxygen to iron bond (2.043 N).
This difference in the coordination strength of an amide car-
bonyl and an ester carbonyl to an iron(II) metal center has
been observed before.[32] The coordination of an ester group
to an iron(II) metal center is quite rare and only a few struc-
turally characterized examples have been reported.[17,32–34]


Crystal structure of [FeACHTUNGTRENNUNG(PrL1)2ACHTUNGTRENNUNG(MeOH)2] ACHTUNGTRENNUNG(OTf)2 (4): Recrys-
tallization of [Fe ACHTUNGTRENNUNG(PrL1)2] ACHTUNGTRENNUNG(OTf)2 (2) from methanol and di-
ethyl ether resulted in the formation of complex 4, whose
structure was determined by X-ray diffraction. In [Fe-
ACHTUNGTRENNUNG(PrL1)2ACHTUNGTRENNUNG(MeOH)2]ACHTUNGTRENNUNG(OTf)2 (4), the ester carbonyl functionali-
ties of both ligands are not coordinated to the FeII metal
center. IR analysis of the crystals showed that the carbonyl
stretch vibration ñ ACHTUNGTRENNUNG(C=O) is split into two signals at 1732 and
1724 cm�1 of almost equal intensity, close to the value of the
free ligand. The two signals are probably the result of the
slightly different orientations of the ligands around the
metal ion, as seen in the crystal structure of 4. The solution
magnetic moment of [FeACHTUNGTRENNUNG(PrL1)2 ACHTUNGTRENNUNG(MeOH)2]ACHTUNGTRENNUNG(OTf)2 (4) in
[D6]acetone is 5.2mB, consistent with a high-spin iron(II)
complex. Colorless crystals of 4 suitable for X-ray diffrac-
tion were obtained by slow diffusion of diethyl ether into a
solution of 2 in methanol. The molecular structure of 4 is
given in Figure 4; selected bond lengths and angles are pre-
sented in Table 1.


The crystal structure of 4 consists of discrete mononuclear
molecules. In the complex cation of 4, two ligands PrL1
bind to the metal center in an N,N bidentate fashion
through the N donor atoms of the 1-methylimidazole
groups. The propoxy group of one of the noncoordinated
ester groups is disordered over two positions with occupan-
cies of 62.1 % and 37.9 % for the major and minor compo-
nent, respectively. The orientation of the ligands resembles
that found in [FeII(L)2(OH)]BF4 (L: bis(1-methylimidazol-2-
yl)-3-methylthiopropanol), in which the thioether tail is sim-
ilarly pointing away from the metal center.[30] The fifth and
sixth coordination sites are occupied by two cis-positioned


methanol molecules, completing the distorted octahedral
N4O2 coordination sphere around the iron(II) ion. The Fe�
N bond lengths are rather different, ranging from 2.135(2) N
for Fe1�N31 to 2.170(2) N for Fe1�N32. The imidazole
groups at the longest and shortest distance are both located
trans to a methanol molecule. The average Fe�N distance is
2.16 N, characteristic of a high-spin iron(II) species. The
Fe�N distances are greater than those observed in [Fe-
ACHTUNGTRENNUNG(PrL1)2]ACHTUNGTRENNUNG(BPh4)2 (3). The Fe�O bond lengths of both metha-
nol molecules are similar and on average amount to 2.20 N,
a value that compares well to the Fe�O distance found for
the methanol molecule located trans to a pyridine donor
group (Fe�O= 2.195 N) in [FeII


ACHTUNGTRENNUNG(tpa) ACHTUNGTRENNUNG(MeOH)2]-
ACHTUNGTRENNUNG(BPh4)2·MeOH.[35] Each methanol ligand is involved in a hy-
drogen bond, acting as a hydrogen bond donor with a tri-
flate oxygen as acceptor. The hydrogen bonding pattern is
shown in the Figure 4 inset and relevant angles and distan-
ces are given in Table 2.


Figure 4. a) Molecular structure of the [FeII


ACHTUNGTRENNUNG(PrL1)2ACHTUNGTRENNUNG(MeOH)2]
2+ cation of


4 in the crystal. C�H hydrogen atoms and triflate anions have been omit-
ted for clarity. Only the major disorder component (62.1 % occupancy) of
the disordered propoxy group is depicted. Displacement ellipsoids are
drawn at the 50% probability level. b) The hydrogen bonding pattern in
[FeII


ACHTUNGTRENNUNG(PrL1)2 ACHTUNGTRENNUNG(MeOH)2] ACHTUNGTRENNUNG(OTf)2 (4). Symmetry operation a : x�1, y, z.
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Solution structures of 2–4 (ESI-MS, solution IR, and
19F NMR spectra): The crystal structures of 3 and 4 illustrate
the possibility of different binding modes of the ligand PrL1
to an FeII ion. To determine the structure of the complexes
in solution, the ESI-MS, solution IR, and 19F NMR spectra
of complexes 2–4 were recorded. The position of the carbon-
yl stretch vibration was found to be indicative of the coordi-
nation mode of the ligand. Vibrations at distinct wavenum-
bers were observed for the coordinated and noncoordinated
ester carbonyl group vibrations in the solid state (Table 3).
The energies of these vibrations corroborate the structural
information provided by the crystal structures. The solution
IR spectra were found to be highly solvent-dependent. Un-
fortunately, due to the limited solubility of [FeACHTUNGTRENNUNG(PrL1)2]-
ACHTUNGTRENNUNG(BPh4)2 (3) in methanol and dichloromethane, data could be
obtained only for an acetonitrile solution of this compound.
Interestingly, the IR spectra of 2 and 3 in acetonitrile are
identical in the carbonyl absorption region (Figure 5c). Two
absorptions at 1737 and 1702 cm�1 were observed, corre-
sponding to noncoordinated and coordinated ester carbonyl


groups, respectively. Furthermore, four sharp vibrations at
1272, 1227, 1156, and 1035 cm�1 were found for the triflate
anions of 2. Indeed, the 19F NMR spectrum of 2 in acetoni-
trile shows one single, sharp signal at d=�78.6, correspond-
ing to free triflate.[9] The data suggest that dissociation of
the ester groups and subsequent replacement with acetoni-
trile solvent molecules happens to the same extent for both
2 and 3. This is important, since vacant sites on the metal
center are a necessary requirement for metal-based catalysis
(vide infra). Identical spectra were also obtained for metha-
nolic solutions of [Fe ACHTUNGTRENNUNG(PrL1)2] ACHTUNGTRENNUNG(OTf)2 (2) and [Fe ACHTUNGTRENNUNG(PrL1)2-
ACHTUNGTRENNUNG(MeOH)2] ACHTUNGTRENNUNG(OTf)2 (4), with the major carbonyl stretch at
1740 cm�1. This suggests that the ligand rearrangement pro-
cess in methanol solution is quite facile and the structure of
the cation of 2 and 4 in solution might resemble more the
structure of the cation observed in the crystal structure of 4.
The vibrations associated with the triflate anions are rather


broad and several shoulders
were observed. This indicates
that not all triflate anions are
noncoordinated, but some of
them are either directly bound
to the metal center or involved
in hydrogen bonds with coor-
dinated solvent molecules. The
19F NMR spectrum of 2 in
methanol points to the latter
option. Again one single, sharp


signal at d=�80.2 is observed, which excludes direct bind-
ing to the metal since coordination to a paramagnetic center
would cause a significant shift. Finally, spectra recorded in
the noncoordinating solvent dichloromethane showed the
carbonyl vibration around 1695 cm�1 for both 2 and 4, indi-
cating coordination of the ester carbonyl functionalities. A
small shoulder on this signal is observed at 1727 cm�1, indi-
cating carbonyl group exchange to a small extent. This is
corroborated by the 19F NMR spectrum of 2 in dichlorome-
thane, which shows a single feature at d=�65.7. As the
temperature is decreased the signal slightly broadens and
gradually shifts to d=�75.5 upon cooling to �80 8C. This
points to a rapid equilibrium between coordinated and non-
coordinated triflates, in which the latter predominate. When
the temperature is decreased, the signal shifts to the value
expected for free triflates and little or no fluxional exchange
of the carbonyl group for triflate occurs. This coordinative


Table 3. Solid-state and solution IR vibrations of the carbonyl groups in complexes 2–4.[a]


n ACHTUNGTRENNUNG(C=O) 2 3 4
ACHTUNGTRENNUNG[cm�1][b] [Fe ACHTUNGTRENNUNG(PrL1)2] ACHTUNGTRENNUNG(OTf)2 [Fe ACHTUNGTRENNUNG(PrL1)2] ACHTUNGTRENNUNG(BPh4)2 [Fe ACHTUNGTRENNUNG(PrL1)2 ACHTUNGTRENNUNG(MeOH)2] ACHTUNGTRENNUNG(OTf)2


solid 1689 1677 1732, 1724
MeCN 1737, 1702 1737, 1702 n.d.[d]


MeOH 1740, 1704 (sh) i.s.[c] 1740, 1707 (sh)
CH2Cl2 1727 (sh), 1694 i.s. 1732, 1697


[a] The signal with the strongest absorption is reported in bold. [b] Free ligand PrL1: 1724 and 1735 cm�1 for
solid-state and MeCN solution, resp. [c] i.s. : insufficiently soluble. [d] n.d.: not determined.


Figure 5. a) Electrospray ionization mass spectrum for 2 in methanol;
b) measured and calculated isotope distribution patterns for the {[FeII-
ACHTUNGTRENNUNG(PrL1)2] ACHTUNGTRENNUNG(OTf)}+ cation; c) solution IR spectra of 2 (black) and 3 (gray)
in acetonitrile.


Table 2. Selected hydrogen bond lengths [N] and angles [8] for [FeII-
ACHTUNGTRENNUNG(PrL1)2 ACHTUNGTRENNUNG(MeOH)2]ACHTUNGTRENNUNG(OTf)2 (4).[a]


D�H···A[b] D�H H···A D···A D�H···A


O1�H10··· O13a 0.79(3) 1.93(3) 2.705(3) 166(3)
O2�H20···O14 0.75(3) 2.07(3) 2.812(3) 172(3)


[a] Symmetry operation a : x�1, y, z). [b] D: donor; A: acceptor.
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saturation of 2 in dichloromethane causes the complex to be
almost inactive in the oxidation reactions (vide infra).


ESI-MS measurements indicate the presence of mononu-
clear species in solution for all complexes (Figure 5a,b), with
the {[Fe ACHTUNGTRENNUNG(PrL1)2]}


2+ and {[Fe ACHTUNGTRENNUNG(PrL1)2](X)}+ (X= OTf, BPh4)
ions as the major species. Interestingly, the 1:1 ligand/iron
complex and free ligand are also observed in the ESI-MS
spectrum (m/z=481.021). This feature is not observed in di-
chloromethane solution (data not shown), which indicates
that a ligand dissociation–association equilibrium exists only
in coordinating solvents.


Oxidation catalysis : Complexes 1, 2, and 3 were tested in
the oxidation of several different alkenes in acetonitrile so-
lution with H2O2 as the oxidant. The catalytic reactions
were performed at ambient conditions by slow, dropwise ad-
dition of 10 equiv H2O2 over 20 min, in order to minimize
peroxide disproportionation. The oxidations of styrene and
cyclohexene were run under an N2 atmosphere to suppress
autoxidation of the substrate. [FeII(L1)2] (1) was found to be
incapable of catalyzing the oxidation of olefins with H2O2 as
oxidant. The coordination of two monoanionic ligands in 1
probably results in relatively slow ligand exchange and
hence coordinative saturation at the metal center. This in
turn hampers the interaction of the metal with either perox-
ide or substrate and makes 1 ineffective in catalysis.


Table 4 summarizes the results obtained in the olefin oxi-
dation experiments with 2 and 3. [Fe ACHTUNGTRENNUNG(PrL1)2]ACHTUNGTRENNUNG(OTf)2 (2) cata-
lyzes the epoxidation and cis-1,2-dihydroxylation of various
olefins with the conversion of H2O2 ranging from 39 to
51 %. The oxidation of cyclooctene with 10 equiv peroxide
afforded a clean reaction with 1,2-epoxycyclooctane and cis-
1,2-cyclooctanediol as the only products, with 39 % efficien-
cy and an epoxide/diol ratio of 2.5:1. A slight preference for
epoxidation is also observed for the substrates styrene and
cyclohexene. For 1-octene, the formation of the cis-diol
product was favored over the epoxide by a factor of almost
two. A small amount of benzaldehyde was found in the oxi-


dation of styrene (TON 0.6 and 1.1 for 2 and 3, respectively)
A considerable amount of the allylic oxidation product 2-cy-
clohexen-1-ol (7.9 turnovers), but no 2-cyclohexen-1-one,
was observed with cyclohexene as a substrate. The addition
of more equivalents of peroxide resulted in a gradual drop
in efficiency of the catalytic conversion. Control experi-
ments using the epoxides as potential substrates under stan-
dard reaction conditions did not result in cis-diol product
formation, which showed that the diol product did not result
from the epoxide under the experimental conditions. The
stereoselectivity of the reactions was studied by the oxida-
tion of the cis- and trans-2-heptene isomers. The epoxidation
of cis-2-heptene and trans-2-heptene occurs with high ste-
reoselectivity to the corresponding cis- and trans-epoxides,
that is, with retention of configuration of 93 % and 84 %, re-
spectively. In addition, the cis-dihydroxylation of both sub-
strates shows a high retention of configuration. The high ste-
reoselectivity characterizes this oxidation as a true cis-dihy-
droxylation. We also tested 2 in the oxidation of 1-octene in
dichloromethane. The use of this solvent rendered the com-
plex almost completely inactive, with TON=0.1 for epoxide
and no cis-diol formation.


Interestingly, [Fe ACHTUNGTRENNUNG(PrL1)2]ACHTUNGTRENNUNG(BPh4)2 (3) is a rather poor cata-
lyst under the reaction conditions tested. Low turnover
numbers to epoxide are obtained in the oxidation of cyclo-
octene (0.8), styrene (1.2), 1-octene (0.2), and cyclohexene
(0.6). No formation of diol is observed in these reactions.
The difference in activity is remarkable, given the similar
structure of the cations of 2 and 3 in solution (Figure 5).
The influence of the anion on the accessible reaction path-
ways is therefore substantial and might be related to the
possibility of hydrogen bonding interactions with the reac-
tive iron-based oxidant and the chemical stability of the
anion under the reaction conditions. Instead, significant
amounts of biphenyl were observed in the GC traces of re-
action mixtures with 3, pointing to the degradation of the
BPh4 anion. To determine to what extent this observed dif-
ference in reactivity can be attributed to the reductive prop-


Table 4. Oxidation of alkenes catalyzed by [Fe ACHTUNGTRENNUNG(PrL1)2] ACHTUNGTRENNUNG(OTf)2 (2) and [Fe ACHTUNGTRENNUNG(PrL1)2] ACHTUNGTRENNUNG(BPh4)2 (3) with H2O2
[a]


Substrate H2O2 [equiv] Epoxide[b] Diol[b] Conversion [%][c] Epoxide/diol ratio


2 3 5 6 2 3 5 6 2 3 5 6 2 5 6
cyclooctene 10 2.8 0.8 0.5 – 1.1 0 7.0 – 39 8 75 – 2.5 : 1 1:14 –


20 3.8 1.5 – – 1.5 0 – – 27 8 – – 2.5:1 – –
styrene[d,e] 10 2.3 1.2 0.1 – 1.7 0 8.0 – 40 12 81 – 1.4 : 1 1:80 –


20 4.9 2.2 – – 3.4 0 – – 41 11 – – 1.4:1 – –
1-octene[f] 10 1.6 – 0.1 0.1 2.7 – 7.6 0.7 43 – 77 8 1:1.7 1:76 1:7


20 2.4 – 0.2 0.1 4.5 – 10.3 0.6 35 – 53 4 1:1.9 1:52 1:6
40 3.3 – – – 7.0 – – – 26 – – – 1 : 2.1 – –


cyclohexene[d,g] 10 3.0 – 0.7 – 2.1 – 6.2 – 51 – 69 – 1.4 : 1 1:9 –
20 5.0 – – – 3.9 – – – 45 – – – 1.3:1 – –


trans-2-heptene 20 3.2[93][h] – – – 2.3[91][h] – – – 28 – – – 1.4:1 – –
cis-2-heptene 20 6.2[84][h] – – – 6.3[92][h] – – – 63 – – – 1:1 – –


[a] Selected data from published alkene oxidation experiments on the other two reported iron complexes with a mixed N,N,O-donor set: that is, [Fe ACHTUNGTRENNUNG(Ph-
dpah)2] ACHTUNGTRENNUNG(OTf)2 (5)[18] and [Fe(L) ACHTUNGTRENNUNG(OTf)] (6) (ref. [21] have been included for comparison. [b] Yields expressed as turnover numbers (TON= mol product/
mol catalyst). [c] Percentage conversion of H2O2 into epoxide and cis-diol. [d] Reaction performed under N2 atmosphere with deoxygenated solutions.
[e] Some benzaldehyde formation was observed, with TON=0.6 and 1.1 for 2 and 3, resp. [f] Oxidation of 1-octene catalyzed by 2 in dichloromethane
(20 equiv H2O2) resulted in 0.1 equiv epoxide and no cis-diol product. [g] The allylic oxidation product 2-cyclohexen-1-ol was observed, with TON=7.9.
[h] Retention of configuration (in brackets)=100 S (A�B)/ ACHTUNGTRENNUNG(A+B), where A is the cis-dihydroxylation product with retention and B is the epimer.
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erties of the tetraphenylborate anion, a blank experiment
was done with sodium tetraphenylborate and hydrogen per-
oxide under the experimental conditions of the catalytic
runs. Indeed, biphenyl formation was detected but signifi-
cantly less (�25 %) than observed in the catalytic runs with
3 present.


Discussion


The reaction of 2 equiv of ligand L1 or PrL1 with an FeII


metal source resulted in the formation of the 2:1 ligand/
metal complexes 1, 2, and 3. In [FeII(L1)2] (1), the ligand
caps the metal center facially with an N,N,O donor set, simi-
larly to the coordination observed at the active site of the
mononuclear non-heme iron(II) enzymes featuring the 2-
His-1-carboxylate facial triad.[2,4] In this respect, 1 is related
to, yet distinct from the iron(II)–bispyrazolylacetate com-
plexes developed by Burzlaff et al.[15,16] Both ligand systems
offer a monoanionic N,N,O donor set, but differ in the
actual N donor groups. The X-ray crystal structure of [Fe-
ACHTUNGTRENNUNG(PrL1)2]ACHTUNGTRENNUNG(BPh4)2 (3) shows that PrL1 is also able to cap a
metal center facially through all donor atoms. However, the
structure of 4 illustrates that the tridentate, facial capping
mode of PrL1 is not the only possible coordination mode of
the ligand. In fact, solution IR measurements indicate the
presence of both coordinated and noncoordinated carbonyl
groups. It is interesting that the weakly bound carbonyl
donor groups are located trans to each other in the solid-
state structure of 3, whereas the two solvent molecules in 4
occupy cis positions relative to each other. This requires a
rearrangement of the ligands with respect to each other.
Dissolution of both 2 and 4 in either methanol or acetoni-
trile results in the formation of identical complexes in solu-
tion, according to solution IR and ESI-MS measurements;
this indicates that such a rearrangement is quite facile under


these conditions. The availability of two labile sites located
cis to each other is important, since this is a necessary re-
quirement for cis-dihydroxylation.[7,8] The combination of
(stepwise) ligand dissociation and/or rearrangement leads to
many possible isomers in solution (Figure 6).


The combination of (solution) IR data and ESI-MS meas-
urements suggests that all isomers are present in solution to
a certain extent. The fact that 2 catalyzes the cis-dihydroxy-
lation of alkenes implies that either species G or F contrib-
ute significantly to the catalytic reactions. The lack of cata-
lytic activity in dichloromethane further emphasizes the ne-
cessity for complete or partial ligand dissociation.


Only a few mononuclear iron complexes capable of epoxi-
dation and cis-dihydroxylation have been reported to
date.[8,9,13,36] The best-studied examples of catalysts that elicit
this type of reactivity are the prototypical tpa- and bpmen-
based catalysts,[7,8] which both feature tetradentate N4 li-
gands. Related to these complexes are the N3py catalysts re-
ported by Feringa et al.[13] Only very recently the first exam-
ples of iron complexes with N,N,O ligands capable of olefin
cis-dihydroxylation were reported.[18,21] [Fe ACHTUNGTRENNUNG(PrL1)2]ACHTUNGTRENNUNG(OTf)2


(2) adds a new example to this rather exclusive set of iron
catalysts. Given the overall structural resemblance between
[Fe ACHTUNGTRENNUNG(Ph-dpah)2]ACHTUNGTRENNUNG(OTf)2


[18] and [Fe ACHTUNGTRENNUNG(PrL1)2] ACHTUNGTRENNUNG(OTf)2 (2), the dif-
ference in selectivity for epoxide or cis-diol formation is re-
markable. Whereas [Fe ACHTUNGTRENNUNG(Ph-dpah)2] ACHTUNGTRENNUNG(OTf)2 yields a predomi-
nantly cis-diol product (it is the most efficient cis-dihydroxy-
lation catalyst reported to date), 2 seems to favor epoxida-
tion slightly.


The epoxide/diol product ratio has been correlated to the
spin state of iron ACHTUNGTRENNUNG(III)–hydroperoxo intermediates, with high-
spin complexes leading to increased selectivity for the cis-
diol product.[7] Complex 2 features a high-spin metal center
and is expected to yield a putative high-spin hydroperoxo
intermediate upon reaction with H2O2, given the weak field
exerted by the tridentate ligand. Yet 2 is more selective for


Figure 6. Possible solution structures of 2 and 3. X denotes solvent or OTf, depending on the compound and conditions. The boxed species correspond to
the crystal structures of 3 and 4.
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epoxide formation. The formation of a purple species was
observed in the reaction of both 2 and 3 with tert-butyl hy-
droperoxide at low temperature, which indicates the forma-
tion of a FeIII-OOtBu species[37–39] similar to the hydroper-
oxo intermediate invoked above. Interestingly, the purple
species slowly converts into a second, green, intermediate.
Further investigations of these intermediates and, for exam-
ple, their spin states are currently under way.


The influence of the anion on the observed catalytic activ-
ity of 2 and 3 is remarkable. The exchange of triflate for tet-
raphenylborate anions results in a complete loss of cis-dihy-
droxylation activity and a greatly diminished epoxidation ef-
ficiency. Solution IR studies and ESI-MS measurements,
however, suggest that the structures of the cations of 2 and
3 in acetonitrile are similar and the influence of the anions
should therefore be attributed either to second-sphere inter-
actions or to BPh4 anion degradation under the catalytic
conditions (compare biphenyl formation). Precedents for
the role of second-sphere noncovalent interactions, for ex-
ample, hydrogen bonds, are found both in Nature and in
biomimetic model systems.[40,41] The interesting catalytic
properties of 2 might therefore be correlated with the ability
of triflate anions to accept hydrogen bonds and in this way
stabilize reactive intermediates of the catalytic cycle.


Finally, the molecular structure of [FeACHTUNGTRENNUNG(PrL1)2ACHTUNGTRENNUNG(MeOH)2]-
ACHTUNGTRENNUNG(OTf)2 (4) is of interest because of its resemblance to the
active site of apocarotenoid-15–15’-oxygenase (ACO), a reti-
nal-forming carotenoid oxygenase.[42] Carotenoids are pre-
cursors for retinal and its derivatives, which are crucial for
vision and for the immune system.[43] ACO catalyzes the oxi-
dative cleavage of the 15–15’ double bond of its substrate.
The crystal structure of the enzyme–substrate complex re-
veals a non-heme iron(II) active site, in which the metal
center is coordinated by four histidine residues (Figure 7).[42]


This structural motif is relatively rare and has been re-
ported in only four other enzymes.[44–47] The coordination ge-
ometry around the iron in ACO is octahedral with an aver-
age Fe�Nim distance of 2.17 N and two cis-positioned coordi-
nation sites available for the binding of dioxygen. A water
molecule occupies one of these sites, whereas the other is
vacant in the reported crystal structure. [FeII


ACHTUNGTRENNUNG(PrL1)2-
ACHTUNGTRENNUNG(MeOH)2] ACHTUNGTRENNUNG(OTf)2 (4) closely resembles the active site of


apocarotenoid-15–15’-oxygenase (Figure 7). The biologically
relevant 1-methylimidazole donor groups of PrL1 mimic the
fourfold histidine coordination accurately. The average
Fe�N bond lengths (2.16 N) agree well with the reported
values. The second key structural feature is the availability
of two cis-positioned vacant sites, which can be occupied by
solvent molecules. The two coordinated methanol solvent
molecules in 4 mimic this structural feature of the active
site. The ester tails furthermore provide an entry into pep-
tide chemistry to mimic the protein backbone and thus
allow the inclusion of the second coordination sphere in
modeling studies.


The oxidative cleavage of carotenoids was recently estab-
lished as a dioxygenative process[48] and a side-on binding of
dioxygen to the metal center has been suggested.[42] These
mechanistic features are reminiscent of the Rieske dioxyge-
nases,[5] which served as the inspiration for the biomimetic
cis-dihydroxylation catalysts reported here. Further studies
into the reactivity of the complexes presented here might
shed light on possible mechanistic similarities between these
two classes of non-heme iron enzymes.


Conclusion


As part of our recent efforts in the structural and functional
modeling of non-heme iron enzymes featuring the 2-His-1-
carboxylate facial triad, we studied the iron(II) coordination
chemistry of the potentially tridentate, tripodal N,N,O li-
gands L1 and PrL1. The molecular structures of 3 and 4 re-
vealed two different binding modes of the new ligand PrL1,
that is, tridentate N,N,O and bidentate N,N coordination, re-
spectively. Solution studies, however, revealed the facile in-
terconversion between the two different geometries. Com-
plex [FeII


ACHTUNGTRENNUNG(PrL1)2] ACHTUNGTRENNUNG(OTf)2 (2), but not complex [FeII


ACHTUNGTRENNUNG(PrL1)2]-
ACHTUNGTRENNUNG(BPh4)2 (3), was found to be an active catalyst in olefin oxi-
dation reactions, which illustrates the importance of the
anion. Complex 2 constitutes a new example of the rather
exclusive class of non-heme iron catalysts, which are capable
of catalyzing both the epoxidation and cis-dihydroxylation
of substrates.


Experimental Section


Air-sensitive organic reactions were carried out under an atmosphere of
dry, oxygen-free N2 using standard Schlenk techniques. THF and diethyl
ether were dried over sodium benzophenone ketyl and distilled under N2


before use. Methanol was dried over magnesium methoxide and distilled
under N2 before use. The air-sensitive iron complexes 1–4 were synthe-
sized and handled under an N2 atmosphere using standard Schlenk tech-
niques. Solvents were thoroughly deoxygenated with N2 before use. 1H
and 13C{1H} NMR spectra were recorded on a Varian AS400 or Varian
Inova 300 spectrometer, operating at 25 8C. Infrared spectra were record-
ed with a Perkin-Elmer Spectrum One FT-IR instrument. Solution IR
measurements were recorded with a Mettler Toledo ReactIRT 1000 spec-
trometer with a SiCompT probe, which was fitted in a reaction vessel
under an N2 atmosphere. GC analyses were performed on a Perkin–
Elmer Autosystem XL GC (30 m, PE-17 capillary column) and a Perkin–


Figure 7. First coordination sphere of the mononuclear iron(II) enzyme
apocarotenoid-15–15’-oxygenase (ACO, 2BIW.pdb) and that of complex
[Fe ACHTUNGTRENNUNG(PrL1)2 ACHTUNGTRENNUNG(MeOH)2] ACHTUNGTRENNUNG(OTf)2 (4).
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Elmer Clarus 500 GC (30 m, Econo-Cap EC-5), both with FID detector.
Elemental microanalyses were carried out by the Microanalytisches Lab-
oratorium Dornis & Kolbe, Mulheim a.d. Ruhr, Germany. ESI-MS spec-
tra were recorded on a Micromass LC-TOF mass spectrometer at the
Biomolecular Mass Spectrometry group, Utrecht University. UV/Vis
spectra were recorded on a Varian Cary 50. Solution magnetic moments
were determined by the Evans NMR method in D2O/1,4-dioxane
ACHTUNGTRENNUNG(95:5 v/v) (1) or [D6]acetone/cyclohexane (95:5 v/v) (2–4) at 25 8C.[26, 27]


Tetra ACHTUNGTRENNUNGbutylammonium 3,3-bis(1-methylimidazol-2-yl)propionate ([Bu4N]
[L1]),[23] propyl 3,3-bis(1-methylimidazol-2-yl)propionate (PrL1),[23] and
Fe ACHTUNGTRENNUNG(OTf)2·2MeCN[49] were prepared according to published procedures.
The epoxides of cis- and trans-2-heptenes were synthesized by stereose-
lective epoxidation of the olefins with mCPBA. Hydrolysis of these epox-
ides by HClO4 in H2O/THF yielded the corresponding diols. All other
chemicals were obtained commercially and used as received.


[Fe(L1)2] (1): A solution of Fe ACHTUNGTRENNUNG(OTf)2·2MeCN (275 mg, 0.31 mmol) in
methanol (10 mL) was added to a solution of [Bu4N][L1] (300 mg,
0.63 mmol) in methanol (20 mL); a white precipitate formed gradually.
The reaction mixture was stirred for 1 h at 50 8C, after which diethyl
ether was added to precipitate the product. The crude product was sepa-
rated by centrifugation and washed twice with diethyl ether (2 S 40 mL).
The product was obtained as a white powder (161 mg, 98%). IR (solid):
ñ= 3120.2, 2946.8, 2906.3, 2815.2, 1580.2, 1506.7, 1426.0, 1392.4, 1310.1,
1286.9, 1230.4, 1163.0, 1140.4, 1045.2, 953.3, 771.9, 753.3 cm�1; ESI-MS:
m/z= 261.97 {[M+2H]2+ , calc. 262.08}, 523.00 {[M+H]+ , calc. 523.15}; so-
lution magnetic moment (EvansK method): meff =5.2mB; elemental analysis
calcd (%) for C22H26FeN8O4 (522.34): C 50.59, H 5.02, N 21.45; found C
50.28, H 4.92, N 21.30.


[Fe ACHTUNGTRENNUNG(PrL1)2] ACHTUNGTRENNUNG(OTf)2 (2): A solution of Fe ACHTUNGTRENNUNG(OTf)2·2 meCN (399 mg,
0.91 mmol) in methanol (10 mL) was added to a solution of PrL1
(506 mg, 1.83 mmol) in methanol (15 mL) and the reaction mixture was
stirred for 30 min. The solvent was evaporated in vacuo and the remain-
ing off-white solid was recrystallized from an acetonitrile/diethyl ether
mixture at �30 8C overnight. The product was obtained as a slightly
greenish crystalline solid (430 mg, 52%). IR (solid): ñ =3126.5, 2973.5,
1689.1, 1506.7, 1404.4, 1258.9, 1215.6, 1152.4, 1029.9, 948.7, 782.1,
755.3 cm�1; ESI-MS: m/z=277.12 {[PrL1+H]+ , calc 277.17}, 304.00
{[M�2OTf]2+ , calc. 304.13}, 481.02 {[M�PrL1�OTf]+ , calc. 481.05},
757.20 {[M�OTf]+ , calc. 757.18}; solution magnetic moment (EvansK
method): meff =5.1 mB; elemental analysis calcd (%) for
C30H40F6FeN8O10S2 (906.65): C 39.34, H 4.45, N 12.36; found C 39.75, H
4.64, N 12.48.


[Fe ACHTUNGTRENNUNG(PrL1)2] ACHTUNGTRENNUNG(BPh4)2 (3): A solution of Fe ACHTUNGTRENNUNG(OTf)2·2 MeCN (246 mg,
0.56 mmol) in methanol (10 mL) was added to a solution of PrL1
(312 mg, 1.13 mmol) in methanol (10 mL) and the reaction mixture was
stirred for 30 min. Subsequently, a solution of NaBPh4 (1.1 g, 3.2 mmol)
in methanol (10 mL) was added in a single portion to the reaction mix-
ture and immediately a white precipitate formed. The addition of water
(50 mL) to the suspension caused further precipitation of the product.
The suspension was stirred for 20 min, after which the solid was filtered
off and washed three times with H2O (3 S 20 mL) to yield an off-white
powder. The crude product was recrystallized from acetonitrile/diethyl
ether at �30 8C to give the product as a slightly greenish crystalline solid
(401 mg, 57% yield). Single crystals of 3 suitable for X-ray diffraction
were obtained by slow evaporation of a dichloromethane solution. IR
(solid): ñ =3139.2, 3122.5, 3052.5, 2972.1, 2860.8, 1677.3, 1579.5, 1507.7,
1479.4, 1426.5, 1388.2, 1287.1, 1268.0, 1214.6, 1178.4, 1118.6, 1064.6,
1029.2, 946.3, 850.0, 732.7, 704.0 cm�1; ESI-MS: m/z= 303.99 {[M�2-
ACHTUNGTRENNUNG(BPh4)]2+ , calc. 304.13}, 927.33 {[M�BPh4]


+ , calc. 927.42}; solution mag-
netic moment (EvansK method): meff =5.0 mB; elemental analysis calcd (%)
for C76H80B2FeN8O4 (1246.97): C 73.20, H 6.47, N 8.99; found C 73.28, H
6.40, N 8.86.


[Fe ACHTUNGTRENNUNG(PrL1)2 ACHTUNGTRENNUNG(MeOH)2]ACHTUNGTRENNUNG(OTf)2 (4): Recrystallization of 2 (100 mg,
0.11 mmol) from a methanol/diethyl ether mixture at �30 8C resulted in
the formation of [Fe ACHTUNGTRENNUNG(PrL1)2 ACHTUNGTRENNUNG(MeOH)2] ACHTUNGTRENNUNG(OTf)2 (4) as a white, microcrystal-
line solid after several days (54 mg, 50%). Slow vapor diffusion of diethyl
ether into a solution of [Fe ACHTUNGTRENNUNG(PrL1)2] ACHTUNGTRENNUNG(OTf)2 (2) in methanol at room tem-
perature yielded colorless crystals suitable for X-ray diffraction. IR


(solid): ñ =3371.8, 2969.5, 1732.0, 1723.7, 1503.6, 1421.6, 1360.4, 1281.1,
1247.0, 1222.7, 1194.7, 1150.8, 1031.6, 1011.84, 977.3, 731.6 cm�1; ESI-MS:
m/z= 303.96 {[M�2OTf]2+ , calc. 304.13}, 757.05 {[M�OTf]+ , calc.
757.18}; solution magnetic moment (EvansK method): meff =5.2 mB; ele-
mental analysis calcd (%) for C32H48F6FeN8O12S2 (970.74): C 39.59, H
4.98, N 11.54; found C 39.40, H 5.02, N 11.59.


Catalysis protocol : Substrate (1000 equiv, 3 mmol) and acetonitrile (to
bring the total volume to 2.5 mL) were added to a solution of catalyst
(3 mmol) in acetonitrile (2 mL). Subsequently, 0.5 mL of oxidant solution
(10 equiv, 60 mm solution in acetonitrile diluted from 35% aqueous
H2O2) was added dropwise in 20 min. The reaction mixture was stirred at
room temperature and after 1 h (from the start of oxidant addition) inter-
nal standard (10 mL: cyclooctene/1,2-dibromobenzene; all other sub-
strates: bromobenzene) was added and the first sample was taken. An
aliquot of the reaction mixture was filtered over a short silica plug, after
which the short column was flushed twice with diethyl ether. The sample
was concentrated in a stream of N2 and analyzed by GC. The products
were identified and quantified by comparison with authentic compounds.


X-ray crystal structure determinations : X-ray intensities were measured
on a Nonius Kappa CCD diffractometer with rotating anode (graphite
monochromator, l =0.71073 N) at 150 K. The structures were solved by
automated Patterson methods[50] (3) or direct methods[51] (4) and refined
with SHELXL-97[52] against F2 of all reflections. Geometry calculations
and checks for higher symmetry were performed with the PLATON pro-
gram.[53]


X-ray crystal structure determination of 3 : [C28H40FeN8O4] ACHTUNGTRENNUNG(C24H20B)2,
formula weight =1246.95,* colorless block, 0.15 S 0.15 S 0.10 mm3, mono-
clinic, P21/c (no. 14), a=14.9857(2), b= 11.0234(2), c=24.7254(4) N, b=


119.7779(5)8, V=3545.14(10) N3, Z= 2, Dx= 1.168 g cm�3,* m=


0.27 mm�1.* 40742 Reflections were measured up to a resolution of (sinq/
l)max =0.52 N�1. The reflections were corrected for absorption on the
basis of multiple measured reflections (0.86–0.97 correction range). 4189
reflections were unique (Rint =0.0845). Non-hydrogen atoms were refined
with anisotropic displacement parameters. All hydrogen atoms were in-
troduced in calculated positions and refined with a riding model. The
crystal structure contains large voids, filled with disordered solvent mole-
cules (300.1 N3/unit cell). Their contribution to the structure factors was
secured by back Fourier transformation with the SQUEEZE routine of
the PLATON package[53] (56 electrons/unit cell). 415 parameters were re-
fined with no restraints. R1/wR2 [I>2s(I)]: 0.0441/0.1095, R1/wR2 [all
refl.]: 0.0652/0.1197. S=1.047. Residual electron density between �0.27
and 0.49 eN�3.


X-ray crystal structure determination of 4 : [C30H48FeN8O6] ACHTUNGTRENNUNG(CF3SO3)2, for-
mula weight =970.75, yellow needles, 0.85 S 0.09 S 0.06 mm3, triclinic, P1̄
(no. 2), a=8.9674(8), b=12.7224(16), c=19.9574(16) N, a=106.688(3),
b=101.274(5), g=91.638(4)8, V=2130.2(4) N3, Z=2, Dx=1.513 gcm�3,
m=0.55 mm�1. 37349 reflections were measured up to a resolution of
(sinq/l)max =0.61 N�1, and corrected for absorption on the basis of multi-
ple measured reflections (correction range 0.80–0.97); 7945 reflections
were unique (Rint =0.0436). Non-hydrogen atoms were refined with ani-
sotropic displacement parameters. All hydrogen atoms were located in
the difference Fourier map. The O�H hydrogen atom was refined freely
with isotropic displacement parameters; all other hydrogen atoms were
refined with a riding model. The propoxy group was refined with a disor-
der model. 604 parameters were refined with 55 restraints. R1/wR2
ACHTUNGTRENNUNG[I>2s(I)]: 0.0416/0.0844. R1/wR2 [all refl.]: 0.0691/0.0945. S=1.050. Re-
sidual electron density between �0.39 and 0.31 e N�3.


CCDC 622570 (3) and 622571 (4) 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.


[*] Derived parameters do not contain the contribution of the disordered
solvent.
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Photoinduced Fe�Cp Bond Cleavage and Insertion Reactions of Strained
Silicon- and Sulphur-Bridged [1]Ferrocenophanes in the Presence of
Transition-Metal Carbonyls


Nga Sze Ieong,[a] Wing Yan Chan,[b] Alan J. Lough,[b] Mairi F. Haddow,[a] and
Ian Manners*[a, b]


Introduction


Although studies of the synthesis and reactivity of strained
cyclic organic compounds are very extensive, analogous
strained metal-containing rings are much less explored.
Since the discovery of the first example, sila[1]ferroceno-
phane 1 in 1975 by Osborne and co-workers,[1] strained


[1]ferrocenophanes 2 have attracted considerable attention
and have inspired growing interest in a range of related spe-
cies containing various metals,[2–11] bridging elements[12–25]


and even p-hydrocarbon ligands.[26–35] The angle created by
the planes of the two Cp rings in a ferrocenophane, general-
ly denoted as a, serves as a convenient qualitative measure
of the degree of strain present.[36] One of the most important
factors that govern a, and hence the reactivity of [1]ferroce-
nophanes, is the identity of the bridging atom E. Upon re-
duction of the covalent radius of the bridging element,
[1]ferrocenophanes exhibit increased strain, with larger tilt-
angles and an increased bathochromic shift and intensity for
the longest wavelength electronic transition.[37] These results
have been explained in terms of a decreased HOMO–
LUMO gap and increased ligand character for the LUMO
on increasing a.[20,37] The inherent ring-strain in ferroceno-
phanes also renders these species highly susceptible to ring-


Abstract: The photochemical reactions
of the moderately strained sila[1]ferro-
cenophane [Fe ACHTUNGTRENNUNG(h-C5H4)2SiPh2] (1) and
the highly strained thia[1]ferroceno-
phane [Fe ACHTUNGTRENNUNG(h-C5H4)2S] (8) with transi-
tion-metal carbonyls ([Fe(CO)5],
[Fe2(CO)9] and [Co2(CO)8]) have been
studied. The use of metal carbonyls has
allowed the products of photochemical-
ly induced Fe-cyclopentadienyl (Cp)
bond cleavage reactions in the [1]ferro-
cenophanes to be trapped as stable,
characterisable products. During the
course of these studies the synthesis of
8 from [Fe ACHTUNGTRENNUNG(h-C5H4Li)2·TMEDA]
(TMEDA=N,N,N’,N’-tetramethylethyl-
ACHTUNGTRENNUNGenediamine) and SACHTUNGTRENNUNG(SO2Ph)2 has been
significantly improved by a change of
reaction solvent and temperature. Pho-


tochemical reaction of 1 with excess
[Fe(CO)5] in THF gave the dinuclear
complex [Fe2(CO)2ACHTUNGTRENNUNG(m-CO)2ACHTUNGTRENNUNG(h-
C5H4)2SiPh2] (9). The analogous photo-
lytic reaction of 8 with [Fe(CO)5] in
THF gave cyclic dimer [FeACHTUNGTRENNUNG(h-C5H4)2S]2
(10) and [Fe2(CO)2ACHTUNGTRENNUNG(m-CO)2 ACHTUNGTRENNUNG(h-C5H4)2S]
(11), with the former being the major
product. Photolysis of 1 with
[Co2(CO)8] afforded the remarkable
tetrametallic dimer [(CO)2CoACHTUNGTRENNUNG(h-
C5H4)SiPh2ACHTUNGTRENNUNG(h-C5H4)Fe(CO)2]2 (13).
The corresponding photochemical reac-
tion of 8 with [Co2(CO)8] gave a trime-


tallic insertion product in high conver-
sion, [Co(CO)4(CO)2Fe ACHTUNGTRENNUNG(h-C5H4)S ACHTUNGTRENNUNG(h-
C5H4)Co(CO)2] (14). These reactivity
studies show that UV light promotes
Fe�Cp bond cleavage reactions of both
of the [1]ferrocenophanes 1 and 8. We
have found that, whereas the less
strained sila[1]ferrocenophane 1 re-
quires photoactivation for Fe�Cp bond
insertions to occur, the highly strained
thia[1]ferrocenophane 8 undergoes
both irradiative and non-irradiative in-
sertions, although the latter occur at a
slower rate. Our results suggest that
such photoinduced bond cleavage reac-
tions may be general and applicable to
other related strained organometallic
rings with p-hydrocarbon ligands.


Keywords: cyclopentadienyl li-
gands · ferrocenophanes · insertion ·
metallocenes · photolysis
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opening reactions. For example, sila[1]ferrocenophanes such
as 2 (ERx=SiMe2) ring-open upon treatment with a protic
source, such as HCl and MeOH, which results in the cleav-
age of the ipso-Cp-C�Si bond to yield 3 (X=Cl[38] or OH[17]


respectively). Sila[1]ferrocenophanes also undergo ther-
mal,[39, 40] anionic[41] or transition-metal-catalysed[42,43] ring-
opening polymerisations (ROP), to give polyferrocenylsi-
lanes through cleavage of the ipso-Cp-C�Si bond. When re-
acted with Pt(0) complexes, sila[1]ferrocenophanes yield
platinasila[2]ferrocenophanes such as 4 by insertion of a Pt
fragment into the Si�Cp bond.[44]


Although extensive previous studies have shown that
[1]ferrocenophanes predominantly undergo ring-opening
chemistry at the bridging atom E�Cp bond, recent reports
have highlighted that reactivity at the Fe�Cp bond can also
occur, especially on photoactivation. For example, highly
tilted bora[1]ferrocenophane 5 (a=328), has been shown to
stoichiometrically react with [Fe(CO)5] (or [Fe2(CO)9]) and
[Co2(CO)8] under photoirradiation to afford products 6 and
7, respectively, through insertion of metal carbonyl frag-
ments into the Fe�Cp bond.[12] Miyoshi and co-workers have
demonstrated that strained phospha[1]ferrocenophanes (a
�278) undergo unprecedented Fe�Cp bond cleavage upon
photoirradiation and, in the presence of donor solvents such
as THF, photolytic ROP was detected.[45,46] By using [C5H5]


�


ions as the initiator we have recently shown that photocon-
trolled living polymerisations of sila[1]ferrocenophanes can
be achieved via Fe�Cp bond cleavage.[47,48] In addition, in
the presence of phosphorus-donor ligands sila[1]ferroceno-
phanes have been shown to undergo reversible haptotropic
shifts of the Cp ligand from h5 to h1 on phosphine coordina-
tion.[49] The subtle dependence of the reactivity of [1]ferro-
cenophanes on the nature of the bridging atom is demon-
strated by the following example: whereas the aforemen-
tioned treatment of bora[1]ferrocenophanes 5 with metal
carbonyls leads to reactivity at the Fe�Cp bond to yield 6
and 7,[12] the analogous reaction using tin-bridged[1]ferroce-
nophanes yields products arising from the insertion of metal
carbonyl fragments into the Sn�Cp bond.[50]


To provide further insight into the contrasting reactivity
of [1]ferrocenophanes with different bridging atoms, we
report comparative studies of the photolytic reactivity of si-


la[1]ferrocenophane 1 (a=19.2o) and the more highly strain-
ed thia[1]ferrocenophane 8 (a=31.1o) with metal carbonyls.
In our attempts to characterise the various modes of poten-
tial reactivity, metal carbonyl complexes were viewed as
ideal coreactants as the bonding flexibility of CO is likely to
maximise the possibility of stable product isolation.


Results and Discussion


Synthesis of sila[1]ferrocenophane 1 and thia[1]ferroceno-
phane 8 : Sila[1]ferrocenophane 1 was prepared by the previ-
ously published method and involved the reaction of di-
lithioferrocene [FeACHTUNGTRENNUNG(h-C5H4Li)2·TMEDA] (TMEDA=


N,N,N’,N’-tetramethylethylenediamine) with dichlorodiphe-
nylsilane Ph2SiCl2.
The highly strained species 8 has been previously pre-


pared in low yield (�30%) by the reaction of [FeACHTUNGTRENNUNG(h-
C5H4Li)2·TMEDA] with the trisulphide SACHTUNGTRENNUNG(SO2Ph)2 on combi-
nation with THF at �196 8C and subsequent warming to
room temperature. However, there were some major prob-
lems with this method for us to overcome.[20] Firstly, it was a
potentially dangerous preparation as an explosion can occur
once the reaction starts. Secondly, the THF soluble byprod-
uct Li ACHTUNGTRENNUNG[SO2Ph] decomposes 8 by inducing ring-opening oligo-
merisation at low temperatures (��40 8C). We have im-
proved the synthesis by a change of the reaction medium
from pure THF to a 3:2 mixture of THF and hexane and
thereby increasing the reaction temperature from �196 8C
to �78 8C (Scheme 1). The modified synthesis gave purple
crystalline 8, which was analytically pure (by 1H NMR spec-
troscopy) in 30% yield (Scheme 1).


Photolytic reactivity of [1]ferrocenophanes 1 and 8 with
[Fe(CO)5] and [Fe2(CO)9]


Photolytic reaction of 1 with [Fe(CO)5], characterisation of
9 : Reaction of 1 with excess [Fe(CO)5] under UV irradiation
(l>310 nm) in a weakly coordinating solvent (THF) gave
the new product 9, formed from the insertion of a [Fe(CO)4]
fragment into a Fe�Cp bond, in �95% yield by 1H NMR
spectroscopy (5% of unreacted 1 was detected) (Scheme 2).


Scheme 1. Synthesis of 8.
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The Cp protons of 9 appeared as two sets of pseudo-triplets,
which exhibit downfield shifts (d=4.94, 5.12 ppm) relative
to those of the starting material 1 (d=4.10, 4.40 ppm). Shifts
of such magnitude have been previously observed for analo-
gous species (e.g., 6[12] and [Fe2(CO)2ACHTUNGTRENNUNG(h-CO)2ACHTUNGTRENNUNG(h


5-C5H4)2-
ACHTUNGTRENNUNG(SiMe2)].


[51] The mass spectrum of 9 showed the presence of
the molecular ion (m/z=534) and the successive loss of four
carbonyls, which strongly suggests the insertion of the
[Fe(CO)4] fragment to form 9. Moreover, the elemental
analysis also supported the proposed structure 9.
Control reactions were also performed. First, photolysis


of 1 alone in THF gave no detectable reaction after 5 h.
Moreover, in the dark, treatment of 1 with [Fe2(CO)9] in
THF led only to the recovery of unreacted 1 after prolonged
stirring for 12 h. These studies indicated that the photoacti-
vation of 1 is necessary for re-
actions with iron carbonyls to
be detected (Scheme 2).


Photolytic reaction of 8 with
[Fe(CO)5]: In contrast to 1, the
photochemical reaction of 8
with a slight excess of
[Fe(CO)5] in THF at 5 8C af-
forded two products, the
orange crystalline cyclic dimer
10 and the light brown crystal-
line Fe�Cp bond insertion
product 11. These species were
separated by solvent extraction
as shown in Scheme 3. The
products were identified by
NMR and IR (for 11) spectros-
copy, mass spectrometry, ele-
mental analysis (for 10)
and X-ray crystallography
(Scheme 3).


Isolation and characterisation
of the cyclic dimer 10 : The
photochemical reaction of 8
with [Fe(CO)5] in THF
(Scheme 3) gave 10 as the
dominant product. Upon ex-
traction with toluene and then
removal of solvent, 10 was iso-
lated as an air-stable yellow
powder in 38% yield. A higher
yield of 10 was obtained by


photolysing 8 alone in THF for 3 h at 5 8C (Scheme 4a, iso-
lated yield �54%), with concomitant formation of other
oligomers of 8 as byproducts. The latter can be easily re-
moved due to their insolubility in common organic sol-
vents.[20]


Scheme 2. Photolytic reaction of 1 with [Fe(CO)5].


Scheme 3. Photolytic reaction of 8 with [Fe(CO)5].


Scheme 4. Reactivity studies of 8 with iron carbonyls.
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The cyclic dimer 10 can readily be distinguished from the
[Fe(CO)4] insertion product 11 by 1H NMR spectroscopy.
The Cp protons of both 10 and 11 are observed as pairs of
pseudo-triplets with those of the former shifted slightly up-
field (d=3.90, 4.56 ppm) while those of the latter are more
downfield (d=4.43, 4.73 ppm) relative to the starting mate-
rial 8 (d=3.96, 4.61 ppm).[20]


Since the X-ray crystal structure of the first [1.1]ferroce-
nophane was reported by Watts et al. in 1967,[52] such species
have attracted significant attention, owing to their unusual
structural and redox properties.[53] Analogous [1.1]ferroce-
nophanes bearing ERx bridging groups, in which E ranges
from Group 13 (B,[54] Al, Ga, In[55]), Group 14 (C[56] Si,[53,57]


Sn[19]) to Group 15 (P[58,59]), have also been published and
their properties extensively studied. Nonetheless, to the best
of our knowledge, compound 10 is the first example of a
Group-16-bridged [1.1]ferrocenophane. The 1H NMR spec-
trum of 10 showed resonances (see above) in the typical Cp
regions for [1.1]ferrocenophanes.[54,59] It has been previously
noted that, in general, the greater the ring-strain in [1]ferro-
cenophanes, the more upfield shifted the ipso-Cp-C 13C res-
onance. The fact that the ipso-13C NMR signal of 10 is con-
siderably downfield shifted (d=87.3 ppm) relative to that of
8 (d=14.3 ppm), suggests that ring-strain has been signifi-
cantly relieved upon dimerisation. Recrystallisation from
toluene at �40 8C gave orange crystals of the cyclic dimer 10
suitable for single-crystal X-ray diffraction study. The molec-
ular structure and selected bond lengths and bond angles of
10 are shown in Figure 1.


It has been reported that an ER2-bridged [1.1]ferroce-
nophane can adopt a syn and/or anti-conformation depen-
ACHTUNGTRENNUNGding on the balance between two types of intramolecular
steric repulsions.[60] For 10, both isomers might be expected.
However, the distinct set of pseudo-triplets for the Cp pro-
tons in the 1H NMR spectrum suggests the presence of only
one isomer in solution at 22 8C. Moreover, the method of re-
crystallisation employed yielded presumably only the syn
isomer. Nevertheless, the existence of the anti isomer in so-
lution is not to be ruled out.


Figure 1 shows the molecular structure of 10. The Cp
rings of 10 adopt essentially eclipsed conformations as is
typical for syn-[1.1]ferrocenophanes.[58] The very small ring-
tilt (a =1.76o) for each of the ferrocenyl units indicates that
the Cp rings are almost parallel. In contrast to the highly
strained starting material 8 (C(1)-S-C(6)=89.03(9)o), the
bridge angle of 10 (C(1A)-S(1)-C(1)=108.6(2)o, C(6A)-
S(2)-C(6)=111.1(2)o) shows that each of the sulphur atoms
adopts an almost ideal tetrahedral angle.


Characterisation of 11: From our initial attempts to isolate
11, we found that the use of the donor solvent THF results
in the formation of cyclic dimer 10 as the major product in
the photochemical reaction of 8 with [Fe(CO)5] (Scheme 3).
In contrast, upon changing the reaction solvent to relatively
non-polar toluene, 11 was isolated in high yield virtually
free of 10 (Scheme 4e). The formation of 11 in substantially
lower yield was achieved by the reaction of 8 with
[Fe2(CO)9] in THF (which generates [Fe(CO)4THF] direct-
ly) in the absence of light (Scheme 4c). The 1H NMR spec-
trum of 11 showed two distinct pseudo-triplets for Cp pro-
tons at d=4.43 and 4.73 ppm, significantly shifted downfield
from those of 8 (d=3.96, 4.61 ppm). Similarly, the
13C{1H} NMR spectrum of 11 showed two resonances for Cp
carbons at d=83.5 and 99.7 ppm, both of which are consid-
erably shifted downfield relative to 8 (d=76.9 and
82.1 ppm). Downfield shifts of such magnitudes are typical
for [1]ferrocenophanes after insertion of a [Fe(CO)4] moiety
between the Cp rings.[12] The IR spectrum of 11 showed
peaks attributed to terminal (ñ=1978 cm�1) and bridging
(ñ=1806 cm�1) carbonyl ligands. These peak positions are
similar to those of the boron-bridged analogue 6 (ñ=


1990 cm�1 (CO), 1781 cm�1 (m-CO)).[12] The mass spectrum
of 11 showed the molecular ion at m/z=384 and the subse-
quent loss of four carbonyl ligands, which suggests that in-
sertion of the [Fe(CO)4] fragment into a Fe�Cp bond of 8
gave 11.
To confirm the assigned structure and compare structural


details, a single-crystal X-ray diffraction study was per-
formed for 11. Figure 2 shows the molecular structure of 11
and Table 1 lists selected bond lengths and bond angles.
Compound 11 is the sulphur-bridged analogue of 6, which
was formed from an analogous reaction using a bora[1]fer-
rocenophane.[12] Compound 11 is presumably formed by in-
sertion of a photochemically generated [Fe(CO)4] fragment
into the Fe�Cp bond, followed by rearrangement of the car-
bonyl ligands. The insertion of the [Fe(CO)4] moiety be-
tween the Cp rings dramatically increases the C(1A)-S(1)-
C(1) angle in 11 (100.76(17)o) from the corresponding angle
in 8 (89.03(9)o)[61] Compared to analogous structures, cis-
[(h5-Cp)Fe(CO)2]2 (d ACHTUNGTRENNUNG(Fe�Fe)=2.533 M)[62] and [Fe2(CO)2ACHTUNGTRENNUNG(h-
CO)2ACHTUNGTRENNUNG(h


5-C5H4)2SiMe2] (dACHTUNGTRENNUNG(Fe�Fe)=2.513(3) M),[51] the Fe�Fe
bond distance of 11 (2.4912(7) M) is significantly shorter,
owing to the introduction of the small bridging S atom.
From the photolytic reactivity studies with 8, we postulate


the mechanism shown in Scheme 5. Photochemical reaction
of 8 and [Fe(CO)5] in THF is proposed to proceed by two


Figure 1. Molecular structure of 10 (thermal ellipsoids at 30% probabili-
ty, hydrogen atoms have been omitted for clarity). Selected bond lengths
[M] and bond angles [8]: S(1)�C(1A) 1.752(3), S(1)�C(1) 1.752(3), S(2)�
C(6A) 1.758(3), S(2)�C(6) 1.758(3), C(1A)-S(1)-C(1) 108.6(2), C(6A)-
S(2)-C(6) 111.1(2).
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competing pathways (Scheme 5, A and B). The approximate
ratio of the products 10 and 11 in this solvent (70:30 by
1H NMR spectroscopy) suggests that the major route in-
volves the initial photoinduced cleavage of the Fe�Cp bond
to form the zwitterionic species 12 (path A). A comparison


of the reactions shown in Scheme 4a,b suggests that the for-
mation of the cyclic dimer 10 in high yield requires both UV
light to cleave the Fe�Cp bond and a donor solvent (THF)
to stabilise the Fe centre. Conversely, it appears that in the
absence of light and/or a coordinating solvent, the formation
of 10 is inhibited and product 11 is preferred, as observed in
Scheme 4c,e respectively. However, it should be noted that
irradiative insertions occur significantly faster than their
non-irradiated analogs. The formation of 11 appears to
occur via a pathway involving direct insertion of [Fe(CO)4]
fragments into the Fe�Cp bond of 8 (Scheme 5, path B) as
the same product results from the treatment of the latter
with [Fe2(CO)9] in THF in the absence of light, which gener-
ates [Fe(CO)4 ACHTUNGTRENNUNG(THF)] in situ (Scheme 4c). Interestingly, for
the silicon-bridged [1]ferrocenophane 1, the operation of
the analog of pathway B in Scheme 5 requires photoactiva-
tion of the Fe�Cp bond. Moreover, the analogous pathway
to A does not operate to a significant extent. This may be a
consequence of the lower degree of ring-strain present in 1.
In the absence of light, 8 reacted with [Fe(CO)4THF]


(generated in situ from [Fe2(CO)9]) after 7 h at 22 8C to give
11 in 30% conversion by 1H NMR spectroscopy
(Scheme 4c). In key contrast, the analogous reaction in the
presence of UV light occurred dramatically faster with 85%
conversion to 11 after 3 h (Scheme 4d). The above studies
show that even though 8 undergoes both non-irradiative and
irradiative insertions, the rate of the latter is significantly
faster. Combining these results and the parallel studies of 1,
we have illustrated that UV light promotes Fe�Cp bond
cleavage in both species, with the more strained 8 demon-
strating higher reactivity.


Photolytic reactivities of [1]ferrocenophanes 1 and 8 with
dicobalt octacarbonyl : The studies thus far have shown that
both the moderately strained sila[1]ferrocenophane 1 and
the highly strained thia[1]ferrocenophane 8 react photo-
chemically with [Fe(CO)5] and [Fe2(CO)9] to give products
from Fe�Cp bond cleavage and insertion reactions but with
notable differences in behaviour. To provide further insight
into these phenomena, we have also examined parallel reac-
tions with [Co2(CO)8].


Photolytic reaction of 1 with [Co2(CO)8], synthesis of 13 :
After mixing equimolar quantities of 1 with [Co2(CO)8] in
THF, the resulting dark red solution was photolysed at 5 8C
for 7 h (Scheme 6a). The solvent was then removed in vacuo
giving a dark brown solid. The 1H NMR spectrum of the res-
idue showed that the reaction proceeded to 80% conversion
of 1. Recrystallisation from hexane at �40 8C afforded dark
brown crystals of the remarkable product 13 in 36% yield.
The 1H NMR spectrum of 13 showed two well-defined


resonances for Cp protons (d=4.50, 4.73 ppm) which are
significantly shifted downfield relative to those of 1 (d=


4.10, 4.40 ppm). Moreover the 13C{1H} NMR spectrum
showed four closely spaced peaks in the typical Cp region at
(d=92.8, 91.9, 90.6, 89.8 ppm) which are also considerably
shifted downfield compared to those in 1 (d=77.9,


Figure 2. Molecular structure of 11 (thermal ellipsoids at 30% probabili-
ty, hydrogen atoms have been omitted for clarity).


Table 1. Selected bond lengths [M] and bond angles [8] for 11.


Fe(1)�C(6) 1.762(3) C(6)-Fe(1)-C(7) 90.19(13)
Fe(1)�C(7) 1.921(3) C(6)-Fe(1)-C(8) 90.65(13)
Fe(1)�C(8) 1.926(3) C(7)-Fe(1)-C(8) 95.62(11)
Fe(1)�C(4) 2.097(3) C(6)-Fe(1)-Fe(1A) 105.99(9)
Fe(1)�C(1) 2.109(3) C(7)-Fe(1)-Fe(1A) 49.57(8)
Fe(1)�C(3) 2.111(3) C(8)-Fe(1)-Fe(1A) 49.70(7)
Fe(1)�C(5) 2.117(3) C(1A)-S(1)-C(1) 100.76(17)
Fe(1)�C(2) 2.137(3) a 76.60(9)
Fe(1)�Fe(1A) 2.4912(7)
S(1)�C(1A) 1.772(3)
S(1)�C(1) 1.772(3)
C(6)�O(1) 1.151(3)
C(7)�O(2) 1.178(4)
C(8)�O(3) 1.177(4)
Fe(1A)�C(7) 1.921(3)


Scheme 5. Proposed mechanism for the formation of 10 and 11.
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76.7 ppm).[63] The fact that the number of 13C{1H} NMR res-
onances in the Cp region is twice that of 1 suggests that
there are two types of Cp rings, each of which gives rise to
two distinct peaks attributed to the a and b carbons.
To confirm the assigned structure, we performed a single-


crystal X-ray diffraction study on 13. Figure 3 shows the mo-
lecular structure of 13 and Table 2 lists selected bond
lengths and bond angles.
The molecular structure confirmed that the compound is


the novel tetrametallic insertion product 13. The product
contains two [(h-C5H4)Co(CO)2] fragments linked together
by two molecules derived from ring-opened 1, which are in
turn connected by an Fe�Fe bond.
To gain further insight into the [Co2(CO)8] reactions, vari-


ous conditions were employed and the course of the trans-


formation monitored by 1H NMR spectroscopy. A change
from THF (Scheme 6a) to the relatively less coordinating
solvent, toluene (Scheme 6b), dramatically reduced the con-
version from 80% to 7%. Significantly, no reaction was de-
tected between 1 and [Co2(CO)8] in either THF (Scheme 6c)
or toluene (Scheme 6d) in the absence of light. This indi-
cates that photoactivation of 1 is necessary for Fe�Cp bond
insertion reactions as found for the case of iron carbonyls.
The detailed mechanism of the formation of 13 is not ob-


vious, but clearly the photochemical reaction of 1 with
[Co2(CO)8] leads to cleavage of the Fe�Cp bond and an in-
sertion of a [Co(CO)4] fragment. A plausible mechanism in-
volves dimerisation of the initial insertion product (which
may also be photochemically promoted) followed by car-
bonyl rearrangements to give a structure free of heteronu-
clear metal�metal bonds (Scheme 7).
Compound 13 is an unusual analogue of the well-known


dimer trans- ACHTUNGTRENNUNG[(h5-C5H4)Fe(CO)2]2.
[62] The major structural dif-


ference is that both the Fe coordinated Cp rings in 13 are
connected to the silicon atoms of the [SiPh2ACHTUNGTRENNUNG(h


5-
C5H4)Co(CO)2] fragments, which are trans to one another.
Notably, the Fe�Fe distance in 13 (2.542(3) M) is compara-
ble to that in [(h5-C5H4)Fe(CO)2]2 (2.533 M).[62]


Photolytic reaction of 8 with [Co2(CO)8], synthesis of 14 :
The equimolar reaction of sulphur-bridged [1]ferroceno-
phane 8 with [Co2(CO)8] under UV irradiation in THF for
1 h at 5 8C gave a dark maroon oil with 100% conversion as
determined by 1H NMR spectroscopy (Scheme 8a). Despite
numerous attempts, the oily product could not be purified
beyond �95% (by 1H NMR spectroscopy) and no X-ray
quality crystals could be obtained. In addition, the product
was labile at room temperature and slowly transformed into
other uncharacterised products on storage. Nevertheless,
convincing existence of the proposed structure for the prod-
uct 14 was provided by the use of a variety of spectroscopic
analyses.
The 1H NMR spectrum of 14 showed four distinct signals


for Cp protons at d=3.99, 4.11, 4.34 and 4.62 ppm, which
are shifted slightly downfield relative to those of 8 (d=3.96,
4.61 ppm). Moreover, the corresponding 13C{1H} NMR spec-
trum showed four closely spaced peaks for the Cp carbons
at d=84.7, 86.2, 86.3 and 89.1 ppm, which are also shifted
downfield compared to those in 8 (d=76.9 and 82.1 ppm).[20]


The increase in the number of resonances in both the 1H
and 13C{1H} NMR spectra of 14 compared to those of 8 indi-
cates that 14 is less symmetric than 8. These resonances also


Scheme 6. Reactivity studies of 1 with [Co2(CO)8].


Figure 3. Molecular structure of 13 (thermal ellipsoids at 30% probabili-
ty, hydrogen atoms have been omitted for clarity).


Table 2. Selected bond lengths [M] and bond angles [8] for 13.


Fe1�C12 1.745(6) C11a-Fe1-C11 96.9(2)
Fe1�C11a 1.903(6) C12-Fe1-Fe1a 95.5(2)
Fe1�C11 1.932(6) C11a-Fe1-Fe1a 48.96(18)
Fe1�Fe1a 2.5422(18) C13-Co1-C14 93.4(3)
Co1�C13 1.732(7) Fe1a-C11-Fe1 83.1(2)
Co1�C14 1.742(8)
C11�O1 1.179(6)
C12�O2 1.164(6)
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indicate that there are two types of a and b Cp protons aris-
ing from inequivalent Cp rings. In addition, the general
downfield shifts of Cp resonances in 14 relative to those of 8
in both the 1H and 13C{1H} NMR spectra are typical for in-


sertion of a metallic fragment, and was previously observed
for the boron-bridged trimetallic insertion product 7.[12]


Moreover, both the IR data and the number of carbonyl res-
onances in the 13C{1H} NMR spectrum of 14 also closely re-
semble that of the boron-bridged analogue 7. The mass
spectrum of 14 showed successive loss of eight carbonyls
from the molecular ion (m/z=558), which is evidence that a
[Co2(CO)8] fragment has been inserted. All these data
strongly support the proposed structure 14.
For comparison with the reactivity of 1, parallel reactions


for 8 were also carried out. Similar to the situation of 1,
changes to the weaker donating solvent, toluene, significant-
ly lower the rates of reaction both in the presence and in
the absence of UV irradiation (Scheme 8a vs. b and c vs. d).
In contrast to the former case of 1 in which no apparent re-
action occurred in the dark, 8 and [Co2(CO)8] formed the
analogous insertion product 14 in the absence of light, albeit
at a slower rate (Scheme 8a vs. c and b vs. d). This further il-
lustrates the need for the photoactivation of 1 to allow Fe�
Cp bond insertion reactions. In contrast, the more highly
strained thia[1]ferrocenophane 8 undergoes Fe�Cp bond in-
sertion reactions in the absence of light, although they occur
more rapidly on photochemical irradiation.


Conclusions


A series of photochemical studies have been performed on
sila[1]ferrocenophane 1 and thia[1]ferrocenophane 8, in the
presence of metal carbonyls ([Fe(CO)5], [Fe2(CO)9] and
[Co2(CO)8]) as co-reactants. Whereas most of the previously
reported ring-opening reactions of [1]ferrocenophanes occur
via cleavage of ipso-Cp-C–bridging-atom bond, we have
shown in this work that both 1 and 8 can undergo insertions
and cleavage reactions at the Fe�Cp bond with relief of ring
strain. When irradiated with UV light, the Fe�Cp bonds of
1 and 8 are selectively weakened, allowing the insertion of
metal carbonyl fragments. The selective weakening is suffi-
cient to cause oligomerisation of the highly strained 8 in
THF while the less strained 1 is resistant to this process
under the same conditions. In addition, 8 underwent inser-
tion reactions with [Fe2(CO)9] and [Co2(CO)8] in the ab-
sence of light, but at a considerably slower rate. Attempts to
induce analogous reactions of 1 in the absence of light gave
only unreacted starting material. These marked differences
lead to two key conclusions. Firstly, photochemical activa-
tion of the Fe�Cp bond is observed in the case of both 1
and 8. Secondly, whereas photoirradiation is necessary for
Fe�Cp bond cleavage and insertion reactions of 1, the
highly strained species 8 possesses an inherently sufficiently
weakened Fe�Cp bond for analogous reactions to occur in
the absence of light, albeit more slowly. Our studies also
suggest that the rate of the Fe�Cp bond insertions is faster
if a stronger donor solvent is used.
Future work in this area is directed towards an investiga-


tion of the mechanism of these photolytic reactions of [1]fer-
rocenophanes and in particular, the nature of the photoexci-


Scheme 7. Possible mechanism for the formation of 13.


Scheme 8. Reactivity studies of 8 with [Co2(CO)8].
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tation process.[64] Reactivity of the type illustrated in this
paper may be generally applicable to related strained metal-
locenophanes[2–11] and species with other p-hydrocarbon li-
gands[26–35] and even unstrained species. Moreover, photo-
chemical activation of metal-Cp bonds may ultimately be
important not only for molecular synthesis and ring-opening
polymerisation but also for the design of new catalytic pro-
cesses.


Experimental Section


General methods : [Co2(CO)8] was purchased from Strem and sublimed
immediately before use. Ph2SiCl2 was purchased from Aldrich and dis-
tilled prior to use. [Fe(CO)5], [Fe2(CO)9]and Na ACHTUNGTRENNUNG[SO2Ph] were purchased
from Aldrich and used as received. SCl2 was purchased from Aldrich and
distilled prior to use. S ACHTUNGTRENNUNG(SO2Ph)2 was prepared according to literature pro-
cedures.[65] All manipulations were performed under an atmosphere of
prepurified nitrogen by using Schlenk techniques or in an inert atmos-
phere glovebox. Solvents were dried using the Grubbs method[66] or stan-
dard methods followed by distillation. 1H (300 MHz), 13C (75.5 MHz) and
29Si (59.6 MHz) NMR spectra were recorded on a Jeol Eclipse 300,
Varian Gemini 300 or Mercury 300 spectrometer. 1H (400 MHz),
13C (100.5 MHz), and 29Si (79.4 MHz) NMR spectra were recorded on a
Varian Unity 400 spectrometer. The 1H resonances were referenced inter-
nally to the residual protonated solvent resonances. The 13C resonances
were referenced internally to the deuterated solvent resonances. 29Si reso-
nances were referenced externally to the TMS resonance. Mass spectra
were recorded either with a VG 70–250S or a Bruker–Daltonic Apex IV
mass spectrometer in electron impact (EI) or electrospray ionisation
(ESI) mode respectively. The calculated isotopic distribution for each ion
was in agreement with experimental values. Infrared spectra were record-
ed using a Perkin–Elmer Spectrum One FT-IR spectrometer. The irradia-
tion experiments were carried out through the use of a Philips high-pres-
sure (HPK 125) Hg lamp. The samples being photolysed were positioned
adjacent to the light source. Elemental analyses were performed using a
Perkin-Elmer 2400 C/H/N analyser.


Synthesis of 1: Neat Ph2SiCl2 (8.5 g, 34 mmol) was added dropwise to an
orange suspension of [Fe ACHTUNGTRENNUNG(h-C5H4Li)2]·TMEDA (10 g, 32 mmol) in diethyl
ether (250 mL) at �78 8C. The yellowish orange slurry was then allowed
to warm up slowly. Drastic colour change occurred between �15 to
�10 8C during which the slurry becomes orange red. After warming to
22 8C, the resulting mixture was stirred for 2 h. This was subsequently fil-
tered through a glass frit with the aid of celite to remove LiCl, giving a
clear dark orange solution. The filtrate was then pumped to dryness leav-
ing a red brown solid, which was then purified by sublimation at 120 8C
under static vacuum, yielding air stable dark orange needles of 1 (3.0 g,
26%). 1H NMR (300 MHz, C6D6, 20 8C): d=4.10 (t, 4H; Cp), 4.40 (t,
4H; Cp), 7.26 (m, 6H; Ph), 8.05 ppm (m, 4H; Ph). close to that reported
in the literature.[63]


Improved synthesis of 8 : A solution of S ACHTUNGTRENNUNG(SO2Ph)2 (2.45 g, 7.80 mmol) in
THF (15 mL) was added dropwise to an orange suspension of [Fe ACHTUNGTRENNUNG(h-
C5H4Li)2]·TMEDA (2.01 g, 6.40 mmol) in THF/hexane (60 mL : 40 mL)
at �78 8C. The reaction mixture turned deep red immediately. The result-
ing solution was stirred for 3 h at �78 8C after which hexane (2P10 mL,
�78 8C) was slowly added. The deep red solution was then stirred for an-
other 10 minutes. The precipitate of Li ACHTUNGTRENNUNG[SO2Ph] was allowed to settle, and
the deep purple supernatant solution was filtered through a precooled
(�78 8C) glass frit containing a two-inch pad of neutral alumina. The resi-
due from the reaction flask was washed several times with precooled
hexane (�2P10 mL) and the solution was filtered. The resulting deep
purple filtrate was pumped to dryness at �15 8C affording a deep purple
solid. This was taken up in hexane (�50 mL) and the resulting solution
filtered through glass wool to give a deep purple solution which was then
passed through an alumina column (�4 cm). After that the deep purple
eluent was pumped to dryness yielding analytically pure 8 (400 mg, 30%


yield). Attempted preparations of 8 in pure toluene (250 mL) and tolu-
ene/hexane (150 mL: 100 mL) failed to give 8. 1H NMR (300 MHz, C6D6,
20 8C): d =3.96 (t, 4H; Cp), 4.61 ppm (t, 4H; Cp).[61]


Photochemical reaction of 1 with [Fe(CO)5] in THF : Compound 1
(35 mg, 0.096 mmol) was dissolved in THF (4 mL). The resulting orange
solution was then transferred to a Schlenk tube. In the absence of light,
neat [Fe(CO)5] (3 g, 15 mmol) was added dropwise to the solution of 1,
which was then photolysed at 5 8C for 5 h. After that, the dark brown re-
action mixture was pumped to dryness. A 1H NMR spectrum of this
crude product revealed predominant peaks that indicated the formation
of 9. The crude product was then taken up in toluene/hexane
(1.5:1.5 mL), filtered through glasswool to remove a small amount of in-
soluble materials, and then recrystallised at �40 8C. Dark brown needles
of 9 of 100% purity grew within a week (33 mg, 65% yield). 1H NMR
(300 MHz, C6D6, 20 8C) d=4.94 (ps t, 4H; Cp), 5.12 (ps t, 4H; Cp), 7.42
(m, 4H; Ph), 7.48 ppm (m, 6H; Ph); 13C{1H} NMR (75 MHz, C6D6, 20 8C)
d=100.3 (Cp), 86.5 (Cp), 84.6 (ipso-Cp-C), 130.3 (Ph), 136 (Ph), 132 ppm
(Ph); 29Si{1H} NMR (59.6 MHz, CDCl3, 21 8C) d =�18.7 ppm; IR (tolu-
ene, 20 8C): ñ=1942, 1857 (CO), 1802, 1735 cm�1 (m-CO) ; MS (70 eV,
EI): m/z(%): 534 (26) [M+], 506 (8) [M+�CO], 478 (60) [M+�2 CO],
450 (27) [M+�3 CO], 422 (100) [M+�4 CO]; HRMS calcd for
C26H18O4


56Fe2Si2: 533.9669; found: 533.9659; elemental analysis calcd
(%) for C26H18O4Fe2Si2: C 58.5, H 3.4; found: C 58.5, H 3.5.


It should be noted that treatment of 1 in the presence of UV light in
THF at 5 8C for 5 h and the reaction of 1 with [Fe2(CO)9] in THF for 12 h
in the absence of light both yielded only unreacted 1 by 1H NMR spec-
troscopy.


Photochemical reaction of 8 with [Fe(CO)5] in THF : In the dark,
[Fe(CO)5] (33 mg, 0.17 mmol) and 8 (30 mg, 0.14 mmol) were dissolved
in THF (3 mL) in a Schlenk tube. The purple solution was irradiated
with UV light at 5 8C for 5 h. The solvent was removed under high
vacuum to leave green brown solid which was a mixture of 10 and 11
ACHTUNGTRENNUNG(�70:30) as determined by 1H NMR spectroscopy. The crude mixture
was first dissolved in hexane (3 mL) giving a light brown supernatant,
which was then decanted. Slow solvent evaporation of the light brown so-
lution at 22 8C yielded light brown crystals of 11 suitable for single-crystal
X-ray diffraction studies. The residue from the hexane extraction was
then taken up in toluene (3 mL) and subsequently filtered through glass-
wool to remove a small amount of insoluble material giving an orange so-
lution. Recrystallisation of this orange filtrate at �40 8C yielded single-
crystals of the cyclic dimer 10 for X-ray diffraction studies (11 mg, 38%
yield).


Data for complex 10 : 1H NMR (300 MHz, C6D6, 20 8C): d=3.90 (t, 8H;
Cp), 4.56 ppm (t, 8H; Cp); 13C{1H} NMR (75 MHz, C6D6, 20 8C): d=68.0
(Cp), 68.8 (Cp), 87.3 ppm (ipso-Cp-C); MS (70 eV, EI): m/z (%): 432
(91) [M+], 336 (100) [M+�Cp]; elemental analysis calcd (%) for
C20H16Fe2S2: C 55.6, H 3.7; found: C 55.9, H 4.1.


Data for complex 11: 1H NMR (300 MHz, C6D6, 20 8C): d=4.43 (br t,
4H; Cp), 4.73 ppm (br t, 4H; Cp); 13C{1H} NMR (75 MHz, C6D6, 20 8C):
d=99.7 (Cp), 83.5 (Cp), 96.1 ppm (ipso-Cp-C), not observed (CO); IR
(hexane, 25 8C): ñ=1978 (CO), 1806 cm�1 (m-CO); MS (70 eV, EI):
m/z(%): 384 (12) [M+], 356 (13) [M+�CO], 328 (29) [M+�2 CO], 272
(100) [M+�4 CO]; HRMS calcd for C14H8


56Fe2SO4: 383.8842; found:
383.8846.


Photolytic reaction of 8 in THF : In the absence of light, 8 (52 mg,
0.24 mmol) was dissolved in THF (10 mL) to yield a red purple solution.
After irradiation with UV light at 5 8C for 3 h, the solution of 8 turned
into a green brown suspension. This was then pumped to dryness and
then taken up in toluene (8 mL) to give an orange supernatant with
green brown precipitate. The former was carefully decanted and then
pumped to dryness, giving an orange powder, which was shown by
1H NMR spectroscopy to be 10 (28 mg, 54%). The green brown precipi-
tate (19 mg) was also dried in vacuo and was found to be insoluble in
common organic solvents. This green brown material was analysed by py-
rolysis MS and was found to contain mainly ring-opened oligomers de-
rived from 8. A control reaction (monitored by 1H NMR spectroscopy)
in the absence of light was also performed and only starting materials
were recovered after 12 h.
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Data for the oligomers of 8 : Pyrolysis MS (70 eV, EI, 400 8C): m/z (%):
648 (30) [n=3], 432 (100) [n=2].


Photochemical reaction of 8 in toluene : In the absence of light, 8 was dis-
solved in [D8]toluene and the resulting purple solution was transferred to
an NMR tube equipped with a Youngs tap. This was then kept in the
dark. A 1H NMR spectrum after 12 h showed only unreacted 8. This was
then irradiated at 5 8C. After 3 h, the 1H NMR spectrum showed the pres-
ence of 8, 11 and oligomers of 8 in a ratio of �50:3:8 (82:5:13%) by inte-
gration of the Cp protons.


Photochemical reaction of 8 with [Fe2(CO)9]: In the absence of light, a
solution of 8 (20 mg, 0.093 mmol) in THF was added to a suspension of
[Fe2(CO)9] (67 mg, 0.185 mmol) in THF. The resultant red orange slurry
was photolysed for 3 h at 5 8C, during which it turned dark maroon. A
1H NMR spectrum of the crude mixture indicated the formation of 11
and 10 in a ratio of �85:15.
Analogous reaction in the absence of light showed the formation of 11
and unreacted 8 in a ratio of �30:70.
Photochemical reaction of 8 with [Fe(CO)5] in toluene : In the dark,
[Fe(CO)5] (31 mg, 0.158 mmol) and 8 (12 mg, 0.056 mmol) were dissolved
in toluene (2 mL) in a Schlenk tube. The resultant purple solution was ir-
radiated with UV light at 5 8C for 5 h. A maroon paste was produced
after the removal of volatile materials under high vacuum. This crude
product was analysed by 1H NMR spectroscopy to be a mixture of 11
ACHTUNGTRENNUNG(�77%) and other unidentified byproducts (�23% estimated by total
integration of 1H NMR protons versus those for 11).


Photochemical reaction of 1 with [Co2(CO)8]: In the dark, [Co2(CO)8]
(30 mg, 0.088 mmol) and 1 (30 mg, 0.082 mmol) were dissolved in THF
(5 mL) in a Schlenk tube. The resulting black solution was then irradiat-
ed with UV light at 5 8C for 7 h and then all volatile materials were re-
moved in vacuo. A 1H NMR spectrum of this crude product showed the
presence of 13 in 80% spectroscopic yield. The residue was then dis-
solved in hexane (1 mL) and filtered through glasswool to remove small
quantities of insoluble impurities. Recrystallisation from the filtrate yield-
ed dark brown crystals of 13 (16 mg, 36% yield) suitable for single-crys-
tal X-ray diffraction.


An analogous reaction in [D8]toluene was also performed. After 7 h, only
7% conversion to 13 was observed by 1H NMR spectroscopy.


It is noteworthy that in the absence of light, no apparent reaction oc-
curred (from 1H NMR spectroscopy) after stirring 1 with [Co2(CO)8] for
8 h in either THF or toluene.


Data for complex 13 : 1H NMR (300 MHz, C6D6, 20 8C): d=4.73 (ps t,
8H; Cp), 4.50 (dt, 8H; Cp), 7.68 (m, 8H; Ph), 7.20 ppm (m, 12H; Ph);
13C{1H} NMR (75 MHz, C6D6, 20 8C): d =92.8 (Cp), 91.9 (Cp), 90.6 (Cp),
89.8 (Cp), 84.4 (ipso-Cp-C), 87.4 (ipso-Cp-C), 128.4 (Ph), 130.9 (Ph),
132.5 (ipso-Ph-C), 136.1 (Ph), 204.2 (Co�CO), 212.2 ppm (Fe�CO).
29Si{1H} NMR (79.4 MHz, C6D6, 20 8C): d=�20.6 ppm; IR (toluene,
25 8C): ñ=2070, 2064, 2055, 2032, 2017 (t-CO), 1975, 1867, 1830 cm�1 (m-
CO); MS data were not obtainable because 13 decomposed in the spec-
trometer; elemental analysis was not possible as repeated experiments
consistently gave 13 of �95% purity.


Photochemical reaction of 8 with [Co2(CO)8]: [Co2(CO)8] (16 mg,
0.047 mmol) and 8 (10 mg, 0.046 mmol) were dissolved in THF
ACHTUNGTRENNUNG(�0.5 mL) and C6D6 (�0.1 mL) in a sealable NMR tube in the absence
of light. The resulting red brown solution was irradiated with UV light at
5 8C for 1 h. Analysis by 1H NMR spectroscopy showed the formation of
14 in 100% conversion. The volatile materials were then removed under
high vacuum leaving a red brown paste of 14 (15 mg, 58% yield).


Analogous reaction in [D8]toluene gave 14 in 94% spectroscopic yield
after 7 h.


In the absence of light, parallel NMR scale reactions in THF and
[D8]toluene gave 14 in 80% and 36% conversion respectively after 7 h.


Data for complex 14 : 1H NMR (300 MHz, C6D6, 20 8C): d=3.99 (br t,
2H; Cp), 4.11 (br t, 2H; Cp), 4.34 (br t, 2H; Cp), 4.62 ppm (br t, 2H;
Cp); 13C{1H} NMR (75 MHz, C6D6, 20 8C): d=84.7 (Cp), 86.2 (Cp), 86.3
(Cp), 89.1 (Cp), 92.8, 105.9 (ipso-Cp-C), 203.4 (Co�CO), 212.9 ppm (Fe�
CO); IR (hexane, 25 8C): ñ=2067, 2034, 2011, 1977, 1936, 1870, 1849,
1824, 1795, 1729 cm�1 (CO); MS (70 eV, EI): m/z (%): 530 (1) [M+


�CO], 502 (3) [M+�2CO], 474 (7) [M+�3CO], 446 (8) [M+�4CO],
418 (6) [M+�5CO], 390 (8) [M+�6CO], 362 (10) [M+�7CO], 334 (40)
[M+�8CO], 275 (100) [M+�8CO�Co]; HRMS (4.6 kV, ESI): calcd for


Table 3. Data Collection & Refinement Parameters for 10, 11 and 13.


10 11 13


formula C20H16Fe2S2 C14H8Fe2O4S·C6H14 C52H36Co2Fe2O8Si2
Mr 432.15 470.14 1074.55
T [K] 173(2) 150(2) 150(2)
crystal system orthorhombic monoclinic triclinic
space group Pnma C2/m P1̄
a [M] 10.574(2) 17.4003(10) 9.3269(19)
b [M] 20.146(4) 12.0168(5) 10.696(2)
c [M] 7.4714(15) 7.8706(4) 13.278(2)
a [8] 90 90 67.041(9)
b [8] 90 96.895(3) 70.165(8)
g [8] 90 90 71.332(9)
V [M3] 1591.6(5) 1633.81(14) 1120.1(4)
Z 4 4 1
1calcd [gcm


�3] 1.803 1.911 1.593
m ACHTUNGTRENNUNG(MoKa) [mm�1] 2.082 1.931 1.473
F ACHTUNGTRENNUNG(000) 880 968 546
crystal size [mm3] 0.30P0.30P0.01 0.16P0.14P0.10 0.12P0.12P0.01
q range [8] 2.02 to 27.48 2.61 to 27.53 2.57 to 25.20
reflections collected 15426 6469 11373
independent reflections (Rint) 1863 (0.0635) 1946 (0.0504) 3941 (0.1234)
absorption correction semi-empirical from equivalents semi-empirical from equivalents semi-empirical from equivalents
max/min transmission 0.980/0.584 0.834/0.626 1.013/0.632
parameters refined 112 115 299
GoF on F2 1.496 1.040 0.944
R1[a] [I>2s(I)] 0.0438 0.0388 0.0540
wR2[b] (all data) 0.0971 0.1059 0.1330
peak and hole [eM�3] 0.743 and �0.593 0.457 and �0.508 0.462 and �0.478


[a] R1=� j jFo j� jFc j j /� jFo j ; [b] wR2= {�[w ACHTUNGTRENNUNG(Fo
2�Fc2)2]/�[wACHTUNGTRENNUNG(Fo


2)2]}1/2.
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C18H7
56FeCo2SO8: 556.7861760; found: 556.7880540; elemental analysis


was not possible as repeated experiments consistently gave 95% pure 14.


X-ray crystallography : Selected crystal, data collection, and refinement
parameters for 10, 11 and 13 are given in Table 3. Single-crystal X-ray
diffraction data were collected using a Nonius Kappa-CCD diffractome-
ter and monochromated MoKa radiation (l=0.71073). The data were in-
tegrated and scaled using the Denzo-SMN package.[67] The SHELXTL/
PC package was used to solve and refine the structures.[68] Refinement
was by full-matrix least-squares on F2 using all data (negative intensities
included). Hydrogen atoms were placed in calculated positions and in-
cluded in the refinement in riding motion approximations.


During the refinement of 11, an area of electron density was located in
difference Fourier maps that was assigned as a solvent molecule. The
peak pattern of electron density suggested that the solvent molecule was
highly disordered; attempts to model the disorder were unsuccessful. In
the final cycles of refinement, the contribution to electron density corre-
sponding to a disordered hexane molecule was removed from the ob-
served data using the SQUEEZE option in PLATON.[69] The resulting
data vastly improved the precision of the geometric parameters of the re-
maining structure. The contribution of a hexane molecule has been in-
cluded in the molecular formula. Data for the crystal structures described
is shown in Table 3.


CCDC 655522, 655524, 655525 contain the supplementary crystallograph-
ic 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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Azulene-Moiety-Based Ligand for the Efficient Sensitization of Four Near-
Infrared Luminescent Lanthanide Cations: Nd3+ , Er3+ , Tm3+ , and Yb3+


Jian Zhang and St0phane Petoud*[a]


Introduction


The development of near-infrared (NIR) emitting lantha-
nide complexes in both aqueous and non-aqueous media
(with Ln3+ = Nd3+ , Yb3+ , Er3+ , Ho3+ , Tm3+ , and Pr3+) is an
increasingly active research area in recent years.[1–23] As an
example, NIR emission is advantageous for biological appli-
cations because i) NIR photons scatter less than visible pho-
tons for improved biological imaging resolution),[24] ii) bio-
logical systems have low native autofluorescence in the NIR
domain for better signal-to-noise ratio and corresponding
detection sensitivity,[25] and iii) biological tissues are almost
transparent to NIR light (NIR photons travel deep (several
centimeters) in tissues, organs or organisms).[25,26] NIR lan-
thanide luminescence can also be advantageously used in
NIR organic light-emitting diode technology[27,28] and tele-


communication where the electronic structure of lanthanide
ions such as Er3+ , Nd3+ and Ho3+ can be used as the active
material for optical amplifiers of NIR signals.[29, 30]


The luminescence signals of lanthanide ions originate
from their f–f electronic transitions within the partially filled
4f orbitals. The electronic levels of lanthanides are hardly
affected by their surrounding environment because of the
shielding effect of the 4f electrons by the filled 5s and 5p or-
bitals.[1,2] These transitions are spin-forbidden, resulting in
emissions that appear as sharp line-like bands, a useful ad-
vantage for spectral discrimination between signals of the
sample from the background fluorescence for improved
signal-to-noise ratio and detection sensitivity. Free lantha-
nide cations have low absorption coefficients and long in-
trinsic luminescence lifetimes (“radiative lifetimes” from mi-
croseconds to milliseconds).[1,2] In order to generate suffi-
cient emission signal for sensitive detection, lanthanide cat-
ions need to be sensitized with a suitable antenna that pos-
sesses the appropriate electronic structure[31] and efficiently
protected from high energy vibrations to prevent the non-ra-
diative deactivation of the lanthanide luminescence. The
sensitization process of luminescent lanthanide cations in co-
ordination complexes formed with chromophoric ligands
can usually be described as resulting from the excitation of


Abstract: The ML4 complexes formed
by reaction between the bidentate azu-
lene-based ligand diethyl 2-hydroxya-
zulene-1,3-dicarboxylate (HAz) and
several lanthanide cations (Pr3+ , Nd3+ ,
Gd3+ , Ho3+ , Er3+ , Tm3+ , Yb3+ , and
Lu3+) have been synthesized and char-
acterized by elemental analysis, FT-IR
vibrational spectroscopy and electro-
spray ionization mass spectroscopy.
Spectrophotometric titrations have re-
vealed that four Az� ligands react with
one lanthanide cation to form the ML4


complex in solution. Studies of the lu-
minescence properties of these ML4


complexes demonstrated that Az� is an
efficient sensitizer for four different
near-infrared emitting lanthanide cat-
ions (Nd3+ , Er3+ , Tm3+ , and Yb3+);
the resulting complexes have high
quantum yield values in CH3CN. The
near-infrared emission arising from
Tm3+ is especially interesting for bio-
logic imaging and bioanalytical applica-
tions since biological systems have min-


imal interaction with photons at this
wavelength. Hydration numbers, repre-
senting the number of water molecules
bound to the lanthanide cations, were
obtained through luminescence lifetime
measurements and indicated that no
molecules of water/solvent are bound
to the lanthanide cation in the ML4


complex in solution. The four coordi-
nated ligands protect well the central
luminescent lanthanide cation against
non-radiative deactivation from solvent
molecules.
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the sensitizer (antenna) by absorption of photons through
the singlet states of the chromophoric group, followed by
the internal ligand-centered energy conversion via intersys-
tem crossing from the singlet to the triplet state. The energy
is then transferred from the triplet state of the ligand to the
accepting levels of the lanthanide ions. Energy transfer from
the singlet state to the lanthanide is also possible.[17,32, 33] Be-
cause the accepting energy levels of NIR emitting lantha-
nide ions are generally located at lower energy compared
with visible emitting lanthanides, we hypothesized that effi-
cient sensitizing ligands for NIR emitting lanthanide cations
should have a triplet state located at relatively lower energy.
As reference, we have previously studied the tropolonate
(Trop-) ligand which possesses a triplet state located at an
energy of 17 200 cm�1 (580 nm) for the sensitization of sever-
al NIR emitting lanthanide ions.[34]


Azulene is a non-benzenoid aromatic molecule; its name
is derived from the Spanish word “azul”, meaning blue. It is
a dark blue crystalline solid used in many cosmetics. Azu-
lene is an isomer of naphthalene but its photophysical prop-
erties are significantly different. Its structure consists of a
cyclopentadiene ring fused with a cycloheptatriene ring, and
can be therefore considered as a fusion product of a 4p elec-
trons cyclopentadienide anion which is aromatic and the cor-
responding aromatic 6p electrons tropylium cation
(Scheme 1). Due to this particular electronic structure, azu-


lene appears to be a versatile organic fragment with both an
electron-rich five-membered ring that could act as a poten-
tial electron density donor and an electron-deficient seven-
membered ring that could act as a potential electron density
acceptor. Due to this rich electronic character, azulene and
its derivatives have been attracting a growing interest in var-
ious areas of molecular materials, such as charge transfer
complexes,[35, 36] conducting polymers,[37,38] liquid crystals,[39,40]


anion receptor/sensors,[41,42] optoelectronic molecular
switches,[43] as well as nonlinear optical (NLO) material.[44–46]


For the sensitization of NIR emitting lanthanide cations,
the azulene moiety is interesting since it possesses a triplet
state located at significantly lower energy (13 600 cm�1),[47]


in comparison to the tropolonate ligand (17 200 cm�1). It is
therefore hypothesized that azulene would have better sen-
sitizing efficiency for NIR lanthanides since its triplet state
is located at lower energy, closer to the energy of accepting
levels of several NIR emitting lanthanide cations. In this
work, we have designed and synthesized a new bidentate
ligand that incorporates the azulene moiety (Scheme 2): di-
ethyl 2-hydroxyazulene-1,3-dicarboxylate (HAz; synthesized
according to Scheme 3), for the coordination and sensitiza-
tion of NIR emitting lanthanide cations. The synthesis of the
ligand and several of its lanthanide complexes are reported
in this paper. The luminescent properties have been ana-


lyzed and quantified. The ligand Az� has been demonstrated
to act as an efficient sensitizer for several different lantha-
nide ions emitting in the near-infrared: Yb3+ , Nd3+ , Er3+ , as
well as Tm3+ . It is worth noting that Tm3+ luminescence
arising from a complex in solution is rarely reported, and lu-
minescence is especially appealing for bioimaging, since its
main NIR emission band is located around 800 nm, which
corresponds to an absorption minimum for water and tis-
sues.[25, 26]


Experimental Section


Materials : All reagents were used as received, unless otherwise stated.
Tropolone, thionyl chloride, diethyl malonate, LnCl3·nH2O (Ln= Nd, Gd,
Er, Tm, and Yb, 99.9 % or 99.99 %, n=6 or 7 depending on the Ln), and
KOH standardized solution in methanol (0.100 N) were purchased from
Aldrich. All deuterated NMR solvents were purchased from Cambridge
Isotope Labs and used as received. KGd ACHTUNGTRENNUNG(Trop)4 was prepared according
to our published procedure.[34]


Methods : Infrared spectra were recorded on a Perkin-Elmer Spectrum
BX FT-IR instrument. Samples were prepared with a drop of dichloro-
methane solution, and evaporated to dryness on KBr pellets. Elemental
analyses were performed by Atlantic Microlab, Inc. (Norcross, Georgia).
1H NMR spectra were recorded on a Bruker DPX-300 spectrometer at
300 MHz. MS-EI and MS-ESI were measured on a Micromass Autospec
and Agilent HP 1100 series LC-MSD instruments respectively. UV/Vis
absorption spectra were recorded on a Perkin-Elmer Lambda 19 spectro-
photometer.


Spectrophotometric titration : Spectrophotometric titrations were per-
formed with a Perkin–Elmer Lambda 19 spectrophotometer connected
to an external computer. All titrations were performed in a 1.00 cm ther-
mostated (25.0�0.1 8C) cuvette in CH3OH or CH3CN at constant ionic
strength m =0.01 m (tetrabutylammonium perchlorate). In a typical ex-
periment, 2.00 mL of a ligand solution in CH3OH (initial total ligand
concentration 1P 10�5


m) was titrated with LnCl3 solutions, (stock solution
concentration: 2 P 10�5


m in CH3OH). The kinetic of formation of the
complexes was tested to take place within one minute by monitoring the
changes through UV/Vis absorption spectra. For the titration experi-
ments, two minutes after each addition of aliquot of the lanthanide salt
stock solution to the ligand solution, the UV/Vis spectrum of the result-


Scheme 1. Azulene and its polar resonance molecular structure.


Scheme 2. Structure of the ligand HAz and proposed bidentate coordina-
tion mode of Az� with lanthanide ion.


Scheme 3. Synthesis of ligand HAz.
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ing solution was recorded. Factor analysis and mathematical treatment of
the spectrophotometric data were performed with the SPECFIT pro-
gram.[48]


Luminescence measurements : Emission and excitation spectra were mea-
sured using a JY Horiba Fluorolog-322 spectrofluorometer equipped
with a Hamamatsu R928 detector for the visible domain and an Electro-
Optical Systems, Inc. DSS-IGA020 L detector for the NIR domain. The
NIR luminescence relative quantum yields were measured by using KYb-
ACHTUNGTRENNUNG(Trop)4 complex (F =1.9P 10�2 in DMSO) as reference.[34] Spectra were
corrected for the instrumental function for both excitation and emission.
Values were calculated using the following equation:


Fx


Fr
¼


ArðlrÞ


AxðlxÞ


IðlrÞ


IðlxÞ


hx
2


hr
2


Dx


Dr


where subscript r stands for the reference and x for the sample; A is the
absorbance at the excitation wavelength, I is the intensity of the excita-
tion light at the same wavelength, h is the refractive index (h=1.478 in
DMSO, h=1.344 in acetonitrile, h =1.342 in CD3CN), and D is the mea-
sured integrated luminescence intensity. The luminescence lifetime meas-
urements were performed by excitation of solutions in 1 cm quartz cells
using a Nd/YAG Continuum Powerlite 8010 Laser at 354 nm (third har-
monic) as excitation source. Emission was collected at a right angle to
the excitation beam, the emission wavelength selected with a Spectral
Products CM 110 1/8 meter monochromator. The signal was monitored
by a cooled photomultiplier (Hamamatsu R316–2) coupled to a 500 MHz
bandpass digital oscilloscope (Tektronix TDS 754D). The signals to be
treated (at least 15 000 points resolution for each trace) were averaged
from at least 500 individual decay curves. Luminescence decay curves
were imported into Origin 7.0 scientific data analysis software. The decay
curves were analyzed using the Advanced Fitting Tool module. Reported
luminescence lifetimes are averages of at least three independent deter-
minations.


2-Chlorocyclohepta-2,4,6-trien-1-one : The title compound was synthe-
sized according to the method described by Brettle et al.[49] and Doering
et al.[50] Tropolone (1.00 g, 8.20 mmol) was dissolved in dry benzene
(25 mL) to give a colorless solution. Thionyl chloride (1.07 g, 8.99 mmol)
was then added, which immediately give a white precipitate of tropolone
hydrogen chloride; the precipitate dissolved after heating under reflux
for 1.5 h to afford a dark-red solution. Excess thionyl chloride and ben-
zene were evaporated and the brown residue was washed with hexane
and evaporated. After chromatography (silica gel, 35% hexanes/ethyl
acetate), 2-chlorotropone was obtained as a white solid (1.07 g, 94%).
M.p. 64–65 8C; 1H NMR (CD3COCD3, 300 MHz): d = 7.93 (d, J=9.3 Hz,
1H), 7.41–7.34 (m, 1 H), 7.25–7.04 ppm (m, 3 H); IR (KBr): ñ = 3568
(nO-H), 3215 (nC-H), 1603 (nC=O), 1591 (nC=O), 1544, 1477, 1458, 1413, 1361,
1306, 1242, 1204, 1076, 994, 957, 897, 778, 749 cm�1; EI-MS: m/z : calcd
for 140.002893; found: 140.003216 [M]+ .


Diethyl 2-hydroxyazulene-1,3-dicarboxylate : The title compound was
synthesized according to the method described by Brettle et al.[49] To a
sodium ethoxide solution prepared from sodium (700 mg) and absolute
ethanol (50 mL), diethyl malonate (2.4 g) and 2-chlorotropone (700 mg)
were added, and the mixture was allowed to stand for 72 h at room tem-
perature. The reaction mixture turned into a gelatinous orange mass.
Water was then added to this suspension, and the sodium salt of the tar-
geted compound precipitated out. After collection by filtration, the pre-
cipitate was redissolved in glacial acetic acid. This solution was diluted
with water and extracted with chloroform. The solvent was then evapo-
rated and the residue was recrystallized from ethanol to give orange-
yellow needles (720 mg, 50%). M.p. 95 8C; 1H NMR (CD3COCD3,
300 MHz): d = 1.45 (t, J= 7.2 Hz, 6H), 4.48 (q, J= 7.2 Hz, 4H), 7.84–
7.93 (m, 3H), 9.44–9.47 (m, 2H), 11.68 ppm (s, 1 H); IR (KBr): ñ = 2978,
1671 (nC=O), 1650 (nC=O), 1597, 1533, 1476, 1435, 1333, 1284, 1204, 1176,
1032, 799, 735 cm�1; EI-MS: m/z: calcd for 288.099774; found: 288.100211
[M]+ .


Lanthanide complexes: To a solution of ligand diethyl 2-hydroxyazulene-
1,3-dicarboxylate (115.2 mg, 0.04 mmol) in MeOH (10 mL) was added
KOH (0.04 mmol) in methanol (0.100 m) under stirring. The initially clear


solution became cloudy due to the formation of the precipitate of the po-
tassium salt of the deprotonated ligand. Methanol (10 mL) was added to
the solution which was then heated until complete dissolution of the pre-
cipitates. LnCl3·nH2O (0.01 mmol) (Ln=Pr, Nd, Gd, Ho, Er, Tm, Yb and
Lu) in methanol (10 mL) was added to the resulting solution. This solu-
tion was stirred overnight and the resulting yellow precipitate was col-
lected by filtration, washed three times with methanol and dried in
vacuum over P2O5 for 48 h.


Data for KPr(Az)4 : 39.4 mg, 59% isolated yield; IR (KBr): ñ = 2978
(w), 1683 (s, nC=O), 1615 (s, nC=O), 1489 (s), 1454 (m), 1212 (m), 1147 (s),
803 cm�1 (m); ESI-MS (CH2Cl2 negative mode): m/z : 1289.2 [M(Az)4]


� ;
elemental analysis calcd (%) for C64H60O20PrK·CH3OH (1361.22): C
57.35, H 4.74; found: C 57.42, H 4.49.


Data for KNd(Az)4 : 42.3 mg, 64% isolated yield; IR (KBr): ñ = 2977
(w), 1686 (s, nC=O), 1615 (s, nC=O), 1490 (s), 1454 (m), 1212 (m), 1148 (s),
803 cm�1 (m); ESI-MS (CH2Cl2 negative mode): m/z : 1289.2 [M(Az)4]


� ;
elemental analysis calcd (%) for C64H60O20NdK·CH3OH (1364.55): C
57.21, H 4.73; found: C 57.45, H 4.54.


Data for KGd(Az)4 : 39.2 mg, 58% isolated yield; IR (KBr): ñ = 2978
(w), 1683 (s, nC=O), 1616 (s, nC=O), 1494 (s), 1455 (m), 1213 (m), 1151 (s),
803 cm�1 (m); ESI-MS (CH2Cl2 negative mode): m/z : 1306.2 [M(Az)4]


� ;
elemental analysis calcd (%) for C64H60O20GdK·CH3OH (1377.56): C
56.67, H 4.68; found: C 56.45, H 4.39.


Data for KHo(Az)4 : 55.3 mg, 82% isolated yield; IR (KBr): ñ = 2978
(w), 1683 (s, nC=O), 1616 (s, nC=O), 1495 (s), 1471 (s), 1456 (m), 1213 (m),
1152 (s), 803 cm�1 (m); ESI-MS (CH2Cl2 negative mode): m/z : 1313.2
[M(Az)4]


� ; elemental analysis calcd (%) for C64H60O20HoK·CH3OH
(1385.24): C 56.36, H 4.66; found: C 56.24, H 4.43.


Data for KEr(Az)4 : 47.4 mg, 70 % isolated yield; IR (KBr): ñ = 2978
(w), 1683 (s, nC=O), 1616 (s, nC=O), 1495 (s), 1471 (s), 1455 (m), 1213 (m),
1151 (s), 803 cm�1 (m); ESI-MS (CH2Cl2 negative mode): m/z : 1316.2
[M(Az)4]


� ; elemental analysis calcd (%) for C64H60O20ErK·CH3OH
(1387.57): C 56.26, H 4.65; found: C 56.26, H 4.41.


Data for KTm(Az)4 : 51.7 mg, 76% isolated yield; IR (KBr): ñ = 2978
(w), 1683 (s, nC=O), 1616 (s, nC=O), 1495 (s), 1481 (s), 1456 (m), 1213 (m),
1153 (s), 803 cm�1 (m); ESI-MS (CH2Cl2 negative mode): m/z : 1317.2
[M(Az)4]


� ; elemental analysis calcd (%) for C64H60O20TmK·CH3OH
(1389.24): C 56.20, H 4.64; found: C 56.18, H 4.38.


Data for KYb(Az)4 : 45.0 mg, 66% isolated yield; ESI-MS (CH2Cl2 nega-
tive mode): m/z : 1322.2 [M(Az)4]


� ; IR (KBr): ñ = 2976 (w), 1685 (s, nC=


O), 1620 (s, nC=O), 1495 (s), 1481 (m), 1455 (m), 1213 (m), 1152 (s),
803 cm�1 (m); elemental analysis calcd (%) for C64H60O20YbK·CH3OH
(1393.35): C 56.03, H 4.63; found: C 56.14, H 4.30.


Data for KLu(Az)4 : 44.3 mg, 65% isolated yield; IR (KBr): ñ = 2978
(w), 1683 (s, nC=O), 1622 (s, nC=O), 1495 (s), 1480 (s), 1455 (m), 1213 (m),
1152 (s), 803 cm�1 (m); ESI-MS (CH2Cl2 negative mode): m/z : 1323.2
[M(Az)4]


� ; elemental analysis calcd (%) for C64H60O20LuK·CH3OH
(1395.28): C 55.95, H 4.62; found: C 56.02, H 4.49.


Results and Discussion


Formation of ML4 complexes : The lanthanide complexes
were prepared by mixing for 15 h the deprotonated ligand
with stoichiometric amounts of the lanthanide chloride in
methanol at room temperature. The result of the elemental
analysis suggests the formation of complexes with KLn(Az)4


as molecular formula for all the lanthanide complexes stud-
ied (Ln=Pr, Nd, Gd, Ho, Er, Tm, Yb, Lu). This indicates
that only one of the C=O groups of the ligand is coordinat-
ed to lanthanide cation forming a complex with ML4 formu-
la (the molecule acting as bidentate ligand, as shown in
Scheme 2). This indication was confirmed by the FT-IR
analysis. The IR absorption spectra of both the free ligand
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and the complex have two different C=O stretching bands
with one common and one different vibration frequency
(Figure 1). The presence of two different C=O vibrations in


the free ligand can be explained by the formation of a hy-
drogen bond between the OH group with one of the C=O
group, which results in the red shift of the C=O stretching
band. Similarly, the presence of different types of C=O vi-
brations in the coordinated ligand can be explained by one
of the two C=O of the ligand being coordinated to the Ln3+


cation. The bands located at higher energy that appears at
1682 and 1686 cm�1 can be assigned to the ligand and to the
Yb3+ complex respectively. This vibration frequency can be
assigned to free C=O groups, which are not involved in the
formation of hydrogen or coordination bonds. The vibration
band located at lower wavenumber in the Yb complex
(1620 cm�1) is red-shifted by about 22 cm�1 compared to the
value measured for the free ligand (1642 cm�1), confirming
the formation of a coordination bond between this C=O and
the lanthanide cation.


Electrospray mass spectroscopy (ES-MS) measurements
provide an insight on the nature of the species of complexes
formed in solution. In the negative ion mode, the molecular
peak corresponding to the [Ln(Az)4]


� anion is observed.
The presence of signal assigned to the free ligand indicates
partial dissociation of the complexes in these experimental
conditions. The ES-MS spectrum of the Nd3+ complex is de-
picted as an example in Figure 2. It is important to point out
that the relative abundance reflected by intensities in the
MS spectra can not be directly used to interpret the relative
amount of the species of complexes present in solution but
allow to conclude the presence of the [Ln(Az)4]


� species.


Spectrophotometric titration : It has been shown by elemen-
tal analysis that the composition of the complexes corre-
sponds to ML4 when isolated in the solid state. To investi-
gate the number and nature of the species formed between
the ligand Az� and the lanthanide cations in solution, UV/
Vis spectrophotometric titrations were performed with Nd3+,


Er3+ , Tm3+ and Yb3+ cations. Spectra were collected vary-
ing the metal to ligand ratio in both CH3CN and methanol
solvents at constant ionic strength. UV/Vis spectra recorded
during the spectrophotometric titration of a solution of the
deprotonated ligand Az� by Tm3+ in CH3CN are depicted
as example in the Figure 3. For all the four cations, a
smooth evolution of the absorption spectra for Ln/Az� in
the range 0.1–1.0 with a single sharp endpoint for Ln/Az�=


4.0 has been observed by monitoring the absorbance at
480 nm (Figure 3).


The software SPECFIT[48] was used to analyze the experi-
mental data. Factor analysis indicated the presence of five
independent colored species in solution. The data obtained
from the titrations with the different cations were best fitted
with a model where four complexes are successfully formed
in solution: ML, ML2, ML3 and ML4 and satisfactory stabili-
ty constants were obtained using this model. Convergence
of the fitting process to calculate logK4 values was only pos-
sible if the values of logK1, logK2 and logK3 were fixed to
values of 9, 8 and 7, respectively, for the titrations per-
formed in both MeOH and CH3CN solvents. This could be
explained by the high stability of the ML1, ML2 and ML3


species formed in solution. A complementary explanation
could be the strong correlation of the UV/Vis spectra of the
individual species as indicated by the spectra of the individ-
ual ML1, ML2, ML3 and ML4 species calculated with the
help of the Specfit software (see Figure S1, Supporting In-
formation). logK4 stability constant values of 4.5�0.3, 4.7�
0.3, 4.5�0.3 and 4.1�0.3 were obtained after fitting for
Nd3+ , Er3+ , Tm3+ and Yb3+ complex, respectively, in
CH3OH, and 5.5�0.3, 5.4�0.3, 4.9�0.3, 4.9�0.3 were ob-
tained from measurements in CH3CN. The overall higher
values of logK4 obtained in CH3CN can be explained by this
solvent being less coordinating than MeOH which posses an
oxygen hard Lewis donor, resulting in lower competition be-


Figure 1. FT-IR spectra of the ligand HAz (c) and of the K[Yb(Az)]
complex (g).


Figure 2. Bottom: ES-MS spectrum in negative mode at a concentration
of ca. 10�4


m in CH3CN/CH2Cl2 (top left, prediction of the isotopic distri-
bution of the ML4 peak; top right: the zoomed region of the experimen-
tal ML4 peak).
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tween the ligand and this solvent. In addition, the titration
spectra show a smooth evolution of the absorption spectra
at 484 nm for Ln/Az� in the range 0.1–1.0 with a single
sharp end point for Ln/Az�=1:4 (Figure 3). This series of
results lead to the conclusion that four different lanthanide
complexes ML1, ML2, ML3 and ML4 are successfully formed
in MeOH solution. The values of logK4 for the ML4 com-
plexes are all comprised within the experimental error. A
molecular modeling calculation (Figure 4) using MM3 pa-


rameters (CAChe)[51] also indicate that it is possible for four
ligands to coordinate a central lanthanide cation. The quali-
tative analysis of the modeled structure indicates that these
four ligands provide a good protection of the lanthanide
cation from non-radiative deactivations from the environ-
ment.


Photophysical properties of the ligand HAz : The UV/Vis
absorption spectrum of the free ligand HAz in CH3CN is re-
ported in Figure 5. This spectrum indicates the presence of
several electronic transitions with apparent maxima at 237,
261 and 311 nm with a shoulder located at 300 nm. There
are two additional broader bands located at lower energy
with an apparent maxima at 355 and 430 nm, which can be
assigned to S0–S2 and S0–S1 transitions respectively (see
below for the attribution of these bands).


In contrast to the blue color of azulene, the ligand HAz is
yellowish orange. It is known that the electronic structure
and photophysical properties of derivatives of azulene are
affected by their substituents.[52] This perturbation of the
molecular orbitals of the azulene moiety can be rationalized
by a qualitative pictorial description of the low lying molec-
ular orbitals (Figure 6).[53] The HOMO, LUMO, and
LUMO+1 orbitals of azulene, which correspond to S0, S1


and S2 levels, respectively, are depicted in the Figure 6.
For azulene, the small overlap between HOMO and


LUMO leads to a transition located at lower energy of the
S1 state. The large electron–electron correlation energy for
the LUMO +1 and HOMO considerably raises the energy
of the second singlet excited state (S2 level of azulene). As a
result, the S2 (raised in electronic energy level) and S1 (low-
ered in electronic energy levels) couple together to create a
unusually large gap resulting the so called “blue window”
(360–450 nm) of azulene,[53] which provides to this com-
pound its blue color.


There are three substituents on the ligand HAz, two C=O
groups and one OH group. The C=O group is a conjugative,
electron-withdrawing substituent and it generates two op-
posing effects on the electron densities at C-1 and C-3 of


Figure 3. Top: Series of UV/Vis absorption spectra collected during the
spectrophotometric titration of the deprotonated ligand Az� in CH3CN
solution with Tm3+ . (Total ligand concentration: 3.42 P 10�5 mol L�1; ali-
quots of TmCl3 in CH3CN were successively added (up to 1:1 metal to
ligand ratio); T=25.0�0.1 8C; 0.01 m tetrabutylammonium perchlorate
for ionic strength control). Bottom: Variations of observed molar extinc-
tions at 484 nm in the titrations obtained with four lanthanide cations.


Figure 4. Two different views of the [Yb(Az)4]
� complex created with


molecular modeling (MM3 parameters).


Figure 5. UV/Vis spectrum of the ligand HAz in CH3CN (2.3 P
10�5 mol L�1 at room temperature). Inset: Zoomed region of the absorp-
tion band centered at 430 nm.
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the azulene moiety HOMO to stabilize or destabilize the
molecular orbitals. It has been found that the aldehyde
group causes a blue shift of the S1 state because of its induc-
tive electron withdrawing effect, but causes red shift of the
S2 state due to the conjugation effect.[52] On the other hand,
the hydroxyl group at C-2, which is a resonance donating
group, will destabilize the LUMO orbital of azulene. This
will lead to an increased S0–S1 gap and to a corresponding
blue shift, which explains why the energy position of the
maximum of the S0–S1 transition of 1,3-dicarboxaldehyde
azulene is at approximately 500 nm (20 000 cm�1), while it is
around 428 nm for our ligand. The red-shift of the band cor-
responding to S2 results in the diminished transmission of
blue light (near 400 nm), and a simultaneous increase in
transmittance of red/yellow light, therefore, the ligand is
orange.


Coordinated ligand-centered luminescence in KGd(Az)4 :
The UV/Vis absorption spectra of the different lanthanide
complexes studied in this work were measured in CH3CN at
room temperature (Figure S2 in Supporting Information).
They are similar to each other since the energy location of
these bands all reflect the electronic structure of the ligands
bound to a central lanthanide cation. The spectrum of the
Gd3+ complex is shown in Figure 7 as an example. Com-
pared with the free ligand, the p!p* transition band in the


UV/Vis spectrum red-shifts from 428 nm (in the free ligand)
to 452 nm in the complex with an increased molar absorptiv-
ity. This can be attributed to the perturbation of the elec-
tronic structure of the ligand upon metal ion coordination,
making this transition more allowed compared to the free
ligand.


The fluorescence of the free ligand HAz is faint. No phos-
phorescence of the free ligand was detectable at 77 K. How-
ever, it has been possible to record the steady-state fluores-
cence and time-resolved phosphorescence bands arising
from the ligand bound to Gd3+ in the KGd(Az)4 complex
(Figure 7). There is no ligand to lanthanide energy transfer
in this complex because the Gd3+ electronic levels are too
high in energy to accept energy from the singlet and/or trip-
let states of the ligand. The location of these bands in both
types of spectra is helpful to identify the energy of the sin-
glet and triplet states of the ligands bound to lanthanide
metal ions. The fluorescence spectrum obtained upon excita-
tion of the ligand at room temperature resulted in the pres-
ence of a broad ligand-centered band that is assigned to the
S1–S0 transition with an apparent maximum of the electronic
envelope at 18 700 cm�1 (536 nm). In time-resolved mode,
when a delay (0.01 ms) is applied after the excitation flash
to record the phosphorescence spectrum, the fluorescence
band disappears and is replaced by a phosphorescence
signal containing three bands with apparent maxima located
at 15 700 cm�1 (635 nm), 14 306 cm�1 (699 nm) and
12 700 cm�1 (788 nm). A similar pattern is also observed for
the KGdACHTUNGTRENNUNG(Trop)4 complex (Table 1 and Figure S3, Supporting


Information), which can be attributed to the partial similari-
ty between the electronic structures of these two molecules.
This set of bands is attributed to the phosphorescence aris-
ing from the triplet state of the bound ligand. In comparison
to the energy of the triplet state reported for azulene
13 600 cm�1 (733 nm), the triplet state of the ligand is signifi-
cantly blue-shifted if we consider the maxima of the bands
located at 15 700 and 14 300 cm�1. This is due to the presence
of the two substituents, which are required for the coordina-
tion of the lanthanide cations. Nevertheless, the triplet state
of this ligand is still located at relatively low energy com-
pared with the tropolonate ligand and most other ligands
used for sensitization of NIR emitting lanthanide cations.


Sensitization of lanthanide-centered near-infrared emission :
Remarkably, the Az ligands can sensitize four different NIR


Figure 6. a) Probability of location of the electron in the HOMO, LUMO
and LUMO +1 of azulene;[53] b) schematic illustration of effects of differ-
ent substituents on the energies of electronic levels of azulene.


Figure 7. UV/Vis absorption (c), normalized fluorescence (c) and
phosphorescence (g) spectra of KGd(Az)4 in CH3CN (UV/Vis: room
temperature; fluorescence: M=1.2 P 10�5 mol�1 L�1, lex =400 nm, 298 K;
phosphorescence: lex =400 nm, 77 K, delay time 0.01 ms, gate time
20 ms).


Table 1. Comparison of singlet and triplet state energies (cm�1) for the
Tropolonate and Az� ligands.


KGd(Az)4 KGd ACHTUNGTRENNUNG(Trop)4


singlet[a] 18700 23500
triplet[b] 15700 14300 12 700 17 200 15600 14300


[a] Steady state fluorescence spectra recorded at 298 K (10�5 mol L�1 in
CH3CN and DMSO for KGd(Az)4 and KGd ACHTUNGTRENNUNG(Trop)4, respectively).
[b] Time-resolved phosphorescence spectra recorded on solid samples at
77 K.
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emitting Ln3+ (Ln=Yb, Nd, Er, and Tm) in Ln(Az)4 com-
plexes in CH3CN at room temperature. The luminescence
spectra of these four different lanthanide complexes are de-
picted in Figure 8. Through excitation of the absorption


bands of the coordinated ligand, the solution of Yb3+ com-
plex displays a NIR emission band ranging from 976 to
1028 nm, which is assigned to the 2F5/2 ! 2F7/2 transition. For
the Nd3+ complex, emission bands were observed at 895,
1051, and 1323 nm and are attributed to the transitions from
the 4F3/2 level to the 4I9/2,


4I11/2 and 4I13/2 sublevels respectively.
For Er3+ complex, the emission band observed at 1524 nm
can be assigned to the transition from the 4I13/2 level to 4I15/2


level. Tm3+ emission is not frequently observed for lantha-
nide complexes in solution. In CH3CN solution, two transi-
tions were observed at 803 and 1487 nm. They are assigned
to 3F4 ! 3H6 and 3F4 ! 3H4 transitions respectively. The
emission wavelengths of the Nd3+ , Yb3+ and Tm3+ com-
plexes are in a spectral range well suited for bioanalytical
assays (minimization of the absorption by the biological
system).[25] As shown in Figure 8, there is only slight overlap
between these emission spectra, allowing the potential for
multiplex measurements. Attempts to generate Ho3+ and
Pr3+ luminescence upon ligand L excitation were unsuccess-
ful.


To quantify the intramolecular ligand to metal ion energy
transfer efficiency in the different lanthanide complexes, lu-
minescence quantum yields were measured in CH3CN and
CD3CN upon ligand excitation using KYb ACHTUNGTRENNUNG(Trop)4 as refer-
ence.[34] Three different excitation wavelengths correspond-
ing to three maxima of the absorption spectra at 320, 380
and 447 nm, respectively, were used systematically. The re-
sults are reported in Table 2. The quantum yield values re-
corded with different excitation wavelengths are all within
the experimental error (5–17 %). Therefore, it is suggested
that a unique path of energy is used for the sensitization of
all the lanthanide cations studied by the chromophoric
ligand. This assumption is supported by the fact that all the
excitation spectra are similar to each other (Figure 8) and
are well matched to the corresponding absorption spectra


(Figure S2, Supporting Information). Notably this observa-
tion was possible for all four NIR emitting lanthanide cat-
ions sensitized by Az� despite the fact that the luminescent
Yb3+ , Nd3+ , Er3+ , and Tm3+ cations have different energies
of accepting levels. It can be concluded that the excitation
has the same efficiency for all three absorbance bands for
all four lanthanide cations as the quantum yield values do
not depend on the excitation wavelengths.


The quantum yield of the Yb3+ complex is especially
large with values of 3.8 % in CH3CN and 4.2 % in CD3CN,
compared with the value reported for other Yb3+ complexes
in solution, such as 3.2 and 2.4 % reported for a monopor-
phyrinate complex in CH2Cl2,


[11] 1.9 % for our tropolonate
complex in DMSO,[34] 0.5 % for a terphenyl-based complex
in DMSO,[54] 1.8 % for a bimetallic helicate in D2O,[55] or
0.45 % for fluorexon complex in D2O.[56] Although smaller,
the quantum yield of the Nd3+ complex (0.45 % in CH3CN
and 0.53 % in CD3CN) is also high compared with other
Nd3+ complexes with 0.2 % for monoporphyrinate com-
plexes in CH2Cl2,


[11] 0.21 % for tropolonate Nd3+ complex in
DMSO,[34] 0.038 % for the Nd-fluorexon complex in D2O,[56]


0.075 % for 8-hydroxyquinolinate-based Nd3+ complex in
D2O.[23]


The luminescent lifetimes have been recorded in order to
evaluate the coordination environment around the lantha-
nide cations in these complexes in solution and to quantify
the degree of protection against non-radiative deactivation
provided by the four Az� ligands around the central lantha-
nide cation. The luminescence decays of the Yb3+ and Nd3+


complexes in different solvents were measured and fit as
monoexponential decays in all the studied solvents
(Table 3). This indicates that a unique and consistent coordi-
nation environment is present around the lanthanide in the
complex.


Figure 8. Normalized excitation (dashed line) and emission spectra (plain
line) of four different lanthanide complexes 10�5 mol�1 L�1 in CH3CN
(lex =380 nm).


Table 2. Absolute quantum yield values of lanthanide complexes at
298 K in CH3CN and CD3CN at different excitation wavelength.


Ln Wavelength [nm] CH3CN[a] CD3CN[a]


Yb 322[a] 2.7(2) P 10�2 3.1(2) P 10�2


375[b] 3.8(2) P 10�2 4.2(2) P 10�2


447[c] 3.2(2) P 10�2 3.6(2) P 10�2


Nd 322[a] 4.0(2) P 10�3 4.7(4) P 10�3


383[b] 4.5(3) P 10�3 5.3(3) P 10�3


449[c] 3.7(2) P 10�3 4.9(2) P 10�3


Er 322[a] 2.0(1) P 10�4 2.2(1) P 10�4


387[b] 2.1(1) P 10�4 2.4(1) P 10�4


447[c] 1.8(1) P 10�4 2.2(1) P 10�4


Tm 320[a] 4.3(2) P 10�5 5.1(1) P 10�5


380[b] 5.9(2) P 10�5 6.6(1) P 10�5


446[c] 4.9(2) P 10�5 6.5(2) P 10�5


[a] 1.7P 10�5 mol L�1. [b] 1P 10�4 mol L�1. [c] 2P 10�4 mol L�1.


Table 3. Luminescence lifetimes (ms) of [Nd(Az)4]
� and [Yb(Az)4]


� com-
plexes in different solvents (298 K, 2P 10�5 mol L�1).


MeOH CD3OD CH3CN CD3CN


Yb3+ 12.01�0.07 33.71�0.03 24.61�0.01 32.81�0.12
Nd3+ 0.37�0.01 1.33�0.01 1.85�0.01 2.68�0.01
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The comparison between the luminescence lifetimes in
deuterated and non-deuterated solvents can be used to
quantify the number of solvent molecules coordinated to
the lanthanide cations in solution. The calculation of the hy-
dration/solvation number is obtained by using an empirical
Equation (1). This formula was first developed by Horrocks
et al.[57, 58] In this formula, q is the number of water mole-
cules bound to lanthanide ion in the first sphere of coordi-
nation; kH and kD are the rate constants of excited states of
lanthanide ion in H2O and D2O, respectively. A is a propor-
tionality constant related to the sensitivity of the lanthanide
ion to vibrational quenching by OH oscillators, B is the cor-
rection factor for outer sphere water molecules.


q ¼ AðkH�kDÞ�B ð1Þ


More recently, Beeby et al. modified this formula for the de-
termination of q for Yb3+ and Nd3+ complexes in MeOH
solution,[59,60] in which A=0.29 ms (Nd3+) or 2 ms (Yb3+),
B=0.4 (Nd3+) or 0.1 (Yb3+), kH = 1/tH and kD =1/tD are
given in ms�1.


Applying these formulas, q values of �0.05 and 0.16 were
calculated for the Yb3+ and Nd3+ complexes, respectively.
These near-zero values indicate that there are no water/sol-
vent molecules bound to the lanthanide ion in the first coor-
dination sphere for [Ln(Az)4]


� in solution. This is consistent
for both the larger Nd3+ (ShannonRs effective ionic radius:
1.109 S[61]) and smaller Yb3+ (ShannonRs effective ionic
radius: 0.985 S[61]) cations. Therefore, we can conclude that
the four bidentate ligands efficiently protect Ln3+ cations
against nonradiative deactivations induced by solvent mole-
cules. The azulene complexes provide superior protection
compared with the ML4 tropolonate complexes,[34] where
one solvent molecule is bound to the central lanthanide
cation. It also confirms the results of elemental analysis that
four Az� ligands are bound to the central lanthanide cation
in [Ln(Az)4]


� providing a lanthanide coordination number
of 8. The luminescence lifetime obtained for the Yb3+ com-
plex in acetonitrile solution (24.61 ms) is fairly long com-
pared to the value obtained in MeOH (12.01 ms) and the
typical average value around 10 ms reported for most Yb3+


complexes described in the literature.[23,62,63] This lumines-
cence lifetime is similar to Yb3+ in CD3OD and CD3CN, an
indication that the non-radiative quenching is similar for the
Yb3+ complex in both solvents. On the other hand, the lumi-
nescence lifetimes of the Nd3+ complex in these two sol-
vents are very different, 1.33 and 2.68 ms in CD3OD and
CD3CN, respectively. This indicates that Nd3+ is more sensi-
tive to high energy oscillations than Yb3+ . The main differ-
ence between these two solvents is the O-D group in
CD3OD, which has vibrational energy around 2500 cm�1,
versus the CN group in CD3CN, which has a vibrational
energy of 2250 cm�1. Nd3+ has more electronic states at high
energy than Yb3+ , which increases the probability of
quenching.


Conclusion


In summary, lanthanide complexes [Ln(Az)4]
� formed by re-


action of one lanthanide cation with four azulene-based li-
gands, HAz, have been isolated and characterized in solid
state and in solution. Their photophysical properties have
been analyzed, with a specific interest for the sensitization
of near-infrared lanthanide cations. It was hypothesized that,
due to its triplet state located at lower energy compared to
the tropolonate ligand previously studied in our group, the
HAz ligand would be more efficient in sensitizing several
lanthanide cations.


Spectrophotometric titrations indicated that four Az�


react successively with one lanthanide cation to form a ML4


type of complex in solution. The investigation of the photo-
physical properties of [Ln(Az)4]


� shows that Az� sensitize
efficiently four different NIR emitting lanthanide cations,
Nd3+ , Er3+ , Yb3+ , and Tm3+ . The analysis of luminescence
lifetimes of the lanthanide cations recorded in deuterated
and non-deuterated solvents indicated that no solvent mole-
cules are bound to the lanthanide cation in the [Ln(Az)4]


�


complexes formed with Ln= Nd3+ and Yb3+ . This efficient
protection of the lanthanide cation against non-radiative de-
activations results from the coordination the four ligands
Az� to the central lanthanide cation. As a result, the lumi-
nescence lifetimes of the Nd3+ and Yb3+ complexes are sig-
nificantly longer in comparison to the values reported in the
literature for most near-infrared emitting lanthanide com-
plexes in solution. The quantum yields of the Nd3+ and
Yb3+ complexes are among the highest values reported for
NIR emitting lanthanide complexes in solution, which we at-
tribute to a combination of efficient ligand to lanthanide
energy transfer and good protection of the lanthanide cat-
ions. The fact that the azulene based ligand can sensitize not
only Yb3+ , Nd3+ , and Er3+ , but also Tm3+ indicates that it is
a promising sensitizer for NIR lanthanide ion, potentially
suitable for biological imaging. A sensitizer that provides
the advantage of a unique excitation wavelength (unique in-
strumental source) to obtain four different emission wave-
lengths is an important advantage for multiplex assays. To
provide applicability to this system, the ligand design will be
modified to obtain solubility in water and to increase the
stability of the complex in solution by increasing denticity of
this ligand.
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Noncovalently Supported Heterogeneous Chiral Amine Catalysts for
Asymmetric Direct Aldol and Michael Addition Reactions


Sanzhong Luo,*[a] Jiuyuan Li,[a] Long Zhang,[b] Hui Xu,[a] and Jin-Pei Cheng*[b]


Introduction


Organocatalysis is increasingly recognized as the third im-
portant kind of asymmetric catalysis, thus complementing
the well-established asymmetric transition-metal and
enzyme catalysis processes.[1] Unlike transition-metal cata-
lysts, organocatalysts typically do not use metals, therefore
giving them greater potential in pharmaceutical processes in
which metal contaminations are problematic. Furthermore,
organocatalysts are also much cheaper and easier to handle
than their transition-metal and enzyme counterparts. These
properties have propelled the explosive development of or-
ganocatalysts for a wide variety of fundamental transforma-


tions.[1] However, organocatalysis has also been considered
to be of low efficiency as a result of the high catalyst load-
ings and the difficulties in catalyst separation and recycling.
The heterogenization of organocatalysts may provide poten-
tial solutions to these challenges.[2] Indeed, this strategy has
been attempted for organocatalysts ever since their debut in
similar ways to the heterogenization of homogeneous transi-
tion-metal catalysts and enzymes.[2,3] In this regard, hetero-
genization is commonly achieved by covalent attachment to
solid supports such as PS, poly(ethylene glycol) (PEG), den-
drimers, and inorganic materials (Figure 1, I).[4] However,
the heterogeneous organocatalysts obtained in these cases
have the disadvantages that 1) the catalysts are less effective
than their nonsupported homogeneous counterparts; 2) as a
result of being less effective, high loading (both w/w% and
mol%) of the catalysts is normally employed to achieve rea-
sonable yields; and 3) multiple synthetic manipulations are
required to achieve the covalent immobilizations.
For the reason of practicality, the noncovalent immobili-


zation of homogeneous catalysts is highly desirable since
modifications of the parent catalysts are generally mini-
mized and the strategy is also quite facile and modular, thus
allowing fine-tuning of the support structure and the homo-
geneous catalyst and their combination.[5] Accordingly, non-
covalently supported organocatalysts have been developed
through physical adsorption (Figure 1, II)[6] and biphasic
technology (Figure 1, III).[7] Although high activities and ex-


Abstract: A new strategy for the im-
mobilization of asymmetric organoca-
talysts by combining polystyrene (PS)/
sulfonic acids and chiral amines in situ
through acid–base interactions is pre-
sented. The PS/sulfonic acids play a
dual role as catalyst anchors and modu-
lators for activity and stereoselectivity.
Different types of polymeric sulfonic
acids were examined and 1% divinyl-
benzene (DVB) cross-linked PS/sulfon-
ic acid 1e with a medium loading of


sulfonic acid moieties was found to be
the optimal support. Furthermore, the
noncovalency of this system allows
combinatorial screening of optimal cat-
alysts for the targeted reactions. In this
regard, highly efficient and enantiose-


lective heterogeneous catalysts were
identified for the asymmetric direct
aldol and Michael addition reactions.
The catalysts could be easily recovered
by filtration and reused for six cycles
with similar stereoselectivity but slight-
ly decreased activity. Significantly, the
deactivated catalysts could be regener-
ated following an acidic washing/amine
recharging procedure.
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cellent enantioselectivities were achieved in some of these
examples,[8] the issue of catalyst recycling and reuse still re-
mains to be addressed. A noncovalent linkage of reasonable
strength should solve these problems.
Herein, we present a new strategy for noncovalent immo-


bilization through acid–base interactions (Figure 1, IV). Our
immobilization strategy employs readily available chiral dia-
mines and solid acids, such as PS/sulfonic acids. The immo-
bilization is simply carried out by mixing the two reagents
together without any pretreatment and additional modifica-
tion to the parent catalyst. The resultant acid–base linkage,
that is, electrostatic interaction through ion pairs, would suf-
fice for good recyclability and reusability as a result of the
reasonably high strength of the linkage. In fact, a similar
strategy of noncovalently attaching transition-metal catalysts
onto solid supports has been previously well explored with
good activity and reusability.[9] Recently, an acid–base strat-
egy was applied to immobilize ruthenium cross-metathesis
catalysts, thus leading to enhanced activity.[10] Our design
herein is distinct from these previous reports as a result of
the dual functions of the solid-acid supports: first, they act
as an anchor for the chiral diamines and second they act as
a critical modulator for the catalytic activity and stereoselec-
tivity (Scheme 1). We report herein the development of non-
covalently supported chiral amine catalysts as asymmetric
heterogeneous organocatalysts for asymmetric direct aldol
and Michael addition reactions.


Results and Discussion


Design principle for the immobilization of chiral amines :
Chiral amines are a recent focus in research into organoca-
talysis because of their divergent nature, which results in the
formation of either nucleophilic enamines or electrophilic
imminium ions, and their structural modifiability to ease the
discovery of diversity-oriented catalysts.[11] The immobiliza-
tion of the chiral amine catalysts normally requires addition-
al manipulations with the original or newly installed func-
tional groups. These procedures are somewhat tedious and
also introduce marked perturbations to the original small
molecular skeletons, consequently leading to varied catalytic
outcomes.[2] The acid–base assembly of chiral amines has
proven to be one of the most efficient bifunctional enamine
catalysts.[12] The acids used in these cases were essential
units that dramatically impacted the catalytic activity and
stereoselectivity.[13] Taking advantage of this strategy, we de-
veloped a noncovalent immobilization strategy by utilizing
solid acids (Scheme 1). Besides their similar roles to homo-
geneous acids, the acidic units in the solid acids also serve as
anchors for the chiral amines, thus resulting in heterogene-
ous acid/chiral amine assemblies that may work as asymmet-
ric heterogeneous enamine-type organocatalysts. Although
the structure and acidity of the solid acids and the nature of
the chiral diamines are key issues that relate to the perfor-
mance of the obtained heterogeneous catalysts, the modular
and combinatorial features of the current strategy should
provide a great opportunity to find optimal catalysts for the
reactions studied.


Construction of heterogeneous chiral amine catalysts : We
started with PS as our selected solid support since PS is fre-
quently employed in solid-supported organic synthesis and
catalysis.[14] With commercially available PS (1% divinylben-
zene (DVB) cross-linked, 200–400 mesh), the corresponding
PS/sulfonic acids 1 were obtained by simple treatment with
chlorosulfonic acid (Scheme 2). The loading of the acid
units could be adjusted by using different quantities of
chlorosulfonic acid (Table 1). PS/sulfonic acids with hydro-
phobic groups and linear PS/sulfonic acids were prepared
using similar procedures.
Some representative chiral diamines are shown in


Scheme 3. To illustrate the synthesis of the supported cata-
lysts, chiral diamine 2d was selected as a model catalyst.
The PS/sulfonic acids were treated with approximately
1.2 equivalents of 2d in CH2Cl2, the reaction mixture was
then filtered and washed with CH2Cl2 and ethanol. The final
PS/sulfonic acid/2d hybrids are insoluble in most organic
solvents and readily obtained by filtration. An exception
was observed with PS/sulfonic acid 1 f, which has a high
loading of sulfonic acid (2.75 mmolg�1). In this case, the
high density of chiral amine 2d dramatically changed the
physical properties of the resultant hybrid solid, thus
making the filtration difficult and excluding its further appli-
cation in heterogeneous applications (see below). The con-
tent of 2d in the supported catalysts was determined by ele-


Figure 1. Current immobilization strategies (I–III) for organocatalysts
and our noncovalent strategy (IV).


Scheme 1. Immobilization strategy through acid–base interactions.
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mental analysis. The loading of 2d was in good agreement
with calculated data based on the loading of the sulfonic
acid (Table 1), except in the case of linear PS/sulfonic acid
4, in which a slightly higher loading than expected was ob-
served, probably because of the cross-linking between the
linear polymeric acids with the diamine 2d. These results
suggest that the active sites in the DVB cross-linked PS/sul-
fonic acids (1 and 3) were fully accessible.


Heterogeneous chiral amine catalysts for the asymmetric
direct aldol reaction : The asymmetric direct aldol reaction


was selected as a benchmark for testing our noncovalently
supported catalysts. The direct aldol reaction is one of the
most extensively explored organocatalytic enamine-based
transformations catalyzed by chiral amines.[15] Although a
number of solid-supported chiral amine catalysts have been
developed for these reactions, only a few of them have
shown good stereoselectivity under heterogeneous condi-
tions.[4n] The chiral amine 2d supported on PS/sulfonic acids
was submitted to the model reaction of cyclohexanone and
para-nitrobenzaldehyde. To our delight, the reaction pro-
ceeded smoothly in the presence of 10 mol% of supported
chiral amine 2d (Table 2). Both the activity and stereoselec-
tivity demonstrated clear dependence on the loading of 2d


on the polymer (Table 2). The
catalyst 1e/2d with a medium
loading of 1.09 mmolg�1 gave
the best enantioselectivity
(Table 2, entry 5). In contrast,
either a lower or higher load-
ing led to inferior results in
terms of activity and enantio-
selectivity (Table 2, entries 1–
4). The catalyst with a high
loading of 2.75 mmolg�1 was
totally inactive (Table 2,
entry 7). Other types of PS/sul-
fonic acids, such as 3 appended
with a long alkyl chain and
linear 4, gave poor results


(Table 2, entries 8–11). Notably, the catalysis of 1e/2d could
be significantly accelerated using much less solvent (Table 1,
entry 6 versus 5). Based on these results, PS/sulfonic acid 1e
was selected as our optimal support for further develop-
ment.
The solvent effect was briefly examined with 1e/2d as a


representative catalyst (Table 3). As is well known, the swel-
ling of a polymer resin has a significant influence on the cor-
responding supported catalyst.[14a] While the reactions
showed consistently high activities in all the solvents exam-
ined, there was an obvious solvent effect on the stereoselec-


Scheme 2. Synthesis of PS/sulfonic acids and their chiral amine hybrids.


Table 1. Elemental analysis of the supported chiral amines.


PS/sulfonic acids Loading of SO3H
ACHTUNGTRENNUNG[mmolg]�1


Loading of
2d [mmolg]�1


calculated determined


1a 0.31 0.29 0.29
1b 0.60 0.55 0.55
1c 1.05 0.91 0.90
1d 1.19 1.02 1.00
1e 1.39 1.11 1.09
1 f 2.75 n.d.[a] n.d.
3a 0.31 0.30 0.30
3b 0.54 0.50 0.50
3c 0.85 0.76 0.75
4 0.95 0.84 0.90


[a] n.d.=not determined.


Scheme 3. Library of selected chiral diamines.
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tivity. The best enantioselectivity (75% ee for the major anti
isomer) was achieved in CH2Cl2 (Table 3, entry 5). A control
reaction was carried out in the presence of para-toluenesul-
fonic acid instead of the polymeric sulfonic acid 1e with an
enantiomeric excess of 54% ee being obtained for the major
anti isomer (anti/syn=74:26), thus highlighting the impor-
tance of the role of the polymeric acid on enantioselectivity.
To further improve the stereoselectivity, two strategies


were applicable: The first was to increase the acidity of the
polymeric acids; previous studies have shown that the com-
bination of stronger acids with chiral diamines, such as 2d,
give a better stereoselectivity.[13a,16] The second strategy was
to screen a library of chiral amines. Since libraries of chiral
amines were readily available to us, the latter strategy was


followed. For convenience, the supported chiral amine cata-
lysts were prepared in situ by simply mixing 1e and chiral
diamines 2 in 1:1 molar ratio. A quick screening identified
primary/tertiary diamines 2 i and 2k as promising candidates.
We previously showed that this type of diamine combined
with a Brønsted acid was a highly effective enantioselective
catalyst for direct aldol reactions.[13f] In the presence of
10 mol% of 1e/2k, the product was obtained in 95% yield
with 95:5 d.r. and 94% ee over 19 h (Table 4, entry 8). The


reaction with 2 i provided equally good results (Table 4,
entry 6) and these two chiral diamines were thus selected
for further investigation. To the best of our knowledge,
these represent the first examples of supported chiral pri-
mary amine catalysts.
With the identified optimal catalysts, the major concerns


were then their recyclability, reusability, and applicability.
The supported catalysts 1e/2 i and 1e/2k had shown that
they were suitable for a range of ketone donors and alde-
hyde acceptors (Table 5). In all the cases examined, the re-
actions demonstrated reasonably high activity and the prod-
ucts were afforded in up to 99% yield with 96:4 d.r. and
99% ee. Catalyst 1e/2k provided a better diastereoselectiv-
ity than catalyst 1e/2 i in several cases (Table 5, entries 5, 7,
9, 11, and 13). The recyclability and reusability of catalyst
1e/2 i was examined in the model reaction of cyclohexanone
and para-nitrobenzaldehyde (Table 6). On completion of the
reaction, the catalyst was simply filtered off and washed
with diethyl ether. The dried catalyst was then subjected to
the next run. The thus-recycled catalyst showed unchanged
activity and stereoselectivity in the first three rounds of
reuse. Decreased activity was observed in the subsequent
fourth and fifth rounds of reuse, but the stereoselectivity
was essentially maintained (Table 6, entries 4 and 5). Signifi-
cantly, the deactivated catalyst could be reactivated by
washing with HCl/dioxane and recharging with chiral dia-
mine 2 i. The activity was recovered to the same level as the


Table 2. The effect of catalyst loading in asymmetric direct aldol reac-
tions.


Entry[a] Cat.
ACHTUNGTRENNUNG(10 mol%)


Loading
ACHTUNGTRENNUNG[mmolg�1]


Yield
[%][b]


anti/syn[c] ee
[%][d] anti/syn


1 1a/2d 0.29 46 89:11 55:78
2 1b/2d 0.55 65 86:14 55:53
3 1c/2d 0.90 75 81:19 40:58
4 1d/2d 1.00 63 84:16 46:51
5 1e/2d 1.09 51 84:16 62:83
6[e] 1e/2d 1.09 97 80:20 75:63
7[f] 1 f/2d 2.75 trace n.d. n.d.
8 3a/2d 0.30 54 64:36 3:58
9 3b/2d 0.50 59 70:30 3:64
10 3c/2d 0.75 44 74:26 9:66
11 4/2d 0.90 trace n.d. n.d.


[a] Reactions conditions: aldehyde=0.25 mmol, cyclohexanone=


1.0 mmol, CH2Cl2=500 mL. [b] Yield of the isolated products. [c] Deter-
mined by 1H NMR spectroscopic analysis. [d] Determined by chiral
HPLC. [e] The reaction was carried out in CH2Cl2 (100 mL) over 12 h.
[f] The catalyst was prepared in situ.


Table 3. Solvent effect in asymmetric direct aldol reactions catalyzed by
1e/2d.


Entry[a] Solvent t [h] Yield
[%][b]


anti/syn[c] ee [%][d]


anti/syn


1 dioxane 12 98 78:22 50:60
2 toluene 12 94 80:20 59:66
3 methanol 12 97 62:38 41:56
4 THF 12 95 79:21 54:62
5 CH2Cl2 12 97 80:20 75:63
6 CH3CN 12 95 84:16 55:65
7 ethyl acetate 12 98 76:24 40:42.
8 CHCl3 12 97 83:17 54:57
9 H2O 12 97 79:21 62:45
10 neat 6 97 80:20 55:41


[a] Reactions conditions: aldehyde=0.25 mmol, cyclohexanone=


1.0 mmol, solvent=100 mL. [b] Yield of the isolated products. [c] Deter-
mined by 1H NMR spectroscopic analysis. [d] Determined by chiral
HPLC.


Table 4. Screening of chiral amines 2.


Entry[a] Chiral
amine


t
[h]


Yield
[h][b]


anti/syn[c] ee [%][d]


anti/syn


1 2a 12 97 79:21 46:52
2 2b 12 58 83:17 52:39
3 2c 12 95 64:36 60:73
4 2d 12 97 72:28 75:63
5 2h 12 17 78:22 85:69
6 2 i 24 97 91:9 97:57[e]


7 2j 24 92 90:10 94:80[e]


8 2k 19 95 95:5 94:14[e]


[a] Reactions conditions: aldehyde=0.25 mmol, cyclohexanone=


1.0 mmol, CH2Cl2=100 mL. [b] Yield of the isolated products. [c] Deter-
mined by 1H NMR spectroscopic analysis. [d] Determined by chiral
HPLC. [e] The products had a 1’S,2R configuration, which is opposite to
the products in the catalysis of 2a/2h (as shown above).
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fresh catalyst; however, the enantioselectivity was decreased
slightly (Table 6, entry 6).
To probe the heterogeneous nature of the noncovalently


supported catalysts, the model reaction of cyclohexanone
and para-nitrobenzaldehyde was allowed to carry on until
approximately 50% conversion was reached. The catalyst
1e/2 i was then filtered off. The reaction in the homogeneous
filtrate was monitored by 1H NMR spectroscopic analysis,
which showed less than 3% conversion over 24 h after filtra-


tion of the catalyst (Figure 2).
This behavior suggests homo-
geneous catalysis arising from
the dissociated chiral amine
was insignificant and the reac-
tion mainly occurred under
heterogeneous conditions.


Heterogeneous chiral amine
catalysts for an asymmetric Mi-
chael reaction : The Michael re-
action is one of the basic C�C
bond-forming reactions, and its
versatile utility in organic syn-
thesis has stimulated tremen-
dous research interest in the
development of asymmetric
Michael catalysts, especially
metal-free organocatalysts.[17]


To address the issue of catalyst
recycling and reuse, the use of
several supported chiral
amines has been explored for
asymmetric Michael additions
to nitroolefins. Using biphasic
technology, recyclable chiral
amine catalysts supported by a
fluorous phase[7j,k] and dendri-
mers[4t] were developed for the
asymmetric Michael addition
of aldehydes to nitrostyrenes.
The catalysts offered high
enantioselectivity but limited
reusability. PEG-supported


chiral amines were also tried for the Michael addition of ke-
tones, but showed poor stereoselectivity.[4e,18] Previously, we
developed functionalized chiral ionic liquids (FCILs) as new
types of recyclable and reusable small-molecular catalysts


Table 5. Applications of catalysts 1e/2 i and 1e/2k in asymmetric direct aldol reactions.


Entry[a] R1, R2 R Cat. t [h] Yield
[%][b]


anti/syn[c] ee
[%][d]


1 4-NO2Ph 1e/2 i 24 97 91:9 97


2 5 3-NO2Ph 1e/2 i 19 95 91:9 99
3 5 2-NO2Ph 1e/2 i 22 97 96:4 96
4 5 4-CF3Ph 1e/2 i 40 99 83:17 95
5 5 4-CF3Ph 1e/2k 30 97 93:7 96
6 5 4-CNPh 1e/2 i 19 98 81:19 94
7 5 4-CNPh 1e/2k 24 97 93:7 95
8 5 4-ClPh 1e/2 i 96 90 77:23 89
9 5 4-ClPh 1e/2k 96 89 92:8 91
10 5 Ph 1e/2 i 96 86 68:32 90
11 5 Ph 1e/2k 96 48 81:19 94
12 5 1-naph 1e/2 i 48 67 78:22 89
13 5 1-naph 1e/2k 72 60 85:15 95


14 2-NO2Ph 1e/2 i 20 91 68:32 94


15 H, H (7) 4-NO2Ph 1e/2 i 60 83 – 76
16 7 3-NO2Ph 1e/2k 72 88 – 83
17 7 2-NO2Ph 1e/2k 72 80 – 81
18 7 4-CF3Ph 1e/2k 72 87 – 77
19 7 4-CNPh 1e/2k 72 88 – 77
20 7 3-BrPh 1e/2k 72 72 – 77
21 7 2-ClPh 1e/2k 72 82 – 83


[a] Reactions conditions: aldehyde=0.25 mmol, ketone=1.0 mmol, CH2Cl2=100 mL; entries 15–21: reaction in
neat acetone (200 mL). [b] Yield of the isolated products. [c] Determined by 1H NMR spectroscopic analysis.
[d] Determined by chiral HPLC. 1-naph=1-naphthalene.


Table 6. Recycle and reuse of 1e/2 i in the reaction of cyclohexanone
with para-nitrobenzaldehyde.


Entry[a] t
[h]


Yield
[%][b]


anti/syn[c] ee [%][d]


anti/syn


1 24 97 91:9 97:57
2 24 97 89:11 97:60
3 26 98 88:12 97:66
4 34 95 92:8 98:67
5 48 53 92:8 96:20
6[e] 24 92 86:14 89:26


[a] Reactions conditions: aldehyde=0.25 mmol, cyclohexanone=


1.0 mmol, CH2Cl2=100 mL. [b] Yield of the isolated products. [c] Deter-
mined by 1H NMR spectroscopic analysis. [d] Determined by chiral
HPLC. [e] The catalyst was reactivated.


Figure 2. Reaction progress before and after filtration of the catalysts 1e/
2 i.
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for asymmetric Michael additions to nitroolefins.[8a] The
FCILs catalyzed the reaction in high yields and with excel-
lent stereoselectivity, could be recycled by precipitation with
diethyl ether and could be reused for four times. To further
enhance their recyclability, heterogeneous FCILs were pre-
pared by noncovalent immobilization through ion pairing
using a PS/sulfonic anion. Unfortunately, the heterogeneous
FCILs were nearly inactive for the catalysis of the same re-
action (Scheme 4).


We then tested noncovalently supported chiral amine cat-
alysts in Michael addition reactions. To our delight, this type
of catalyst could effectively catalyze the Michael additions.
In the catalytic processes using 1e/2d, the reactions pro-
ceeded smoothly in organic solvents, but hardly occurred
under neat conditions (Table 7, entry 1). The reactions in


methanol and toluene produced the best results in terms of
both activity and stereoselectivity (Table 7, entries 2 and 3).
Toluene was selected for further experiments to balance ac-
tivity and stereoselectivity. A small library of chiral amines
was then evaluated in the noncovalently supported catalytic
systems (Table 8), and chiral diamine 2e was found to be an
optimal choice (Table 8, entry 5). With 10 mol% of 1e/2e,
the product was obtained in 94% yield with 94:6 d.r. and
87% ee over 24 h. These results showed significant improve-
ment in activity relative to the nonsupported catalyst 2e
(20 mol% of 2d, 22 h, 93% yield).[17z] Finally, chiral primary


amines such as 2 i–2k were also examined but were found to
be ineffective for the catalysis of the Michael addition reac-
tions.
With the optimal catalyst 1e/2e, we investigated the het-


erogeneous catalysis of the Michael addition reaction of a
wide range of Michael donors and nitrostyrenes. The reac-
tion proceeded well with cyclohexanone. In all cases, the de-
sired Michael adducts were obtained in good diastereo- and
enantioselectivities (up to 96:4 d.r. and 90% ee, respective-
ly). Moreover, the reactions tolerated a variety of nitrostyr-
enes possessing either electron-withdrawing or -donating
substitutents and various substitution patterns (para-, meta-,
ortho-, and bis-). Cyclopentanone and acetone were also
tested under these conditions, but low yields and poor ste-
reoselectivity were obtained (Table 9, entries 13 and 14).
The heterogeneous catalyst 1e/2e also worked with alde-
hyde donors, such as isobutyraldehyde, thus affording 69%
yield and 83% ee in 36 hours.
To investigate the heterogeneous nature of the Michael


addition reactions, the supernatant of 1e/2e in the model re-
action (as shown in Table 10) at approximately 50% conver-
sion was monitored by 1H NMR spectroscopic analysis.
There was approximate 10% further conversion observed
over 10 h, thus suggesting the leaching of chiral amine 2e.
This leaching could be diminished by diluting the reaction
mixture with hexane or diethyl ether before filtration. Fol-
lowing this procedure, we found the catalyst could be reused
for six cycles, thus maintaining the same activity as the first
three cycles (Table 10). A significant decrease in activity
was only observed in the sixth cycle. At this stage, the cata-
lyst could be reactivated by washing with HCl/dioxane and
recharging with fresh 2e (Table 10, entry 7), again highlight-
ing the advantages of noncovalent immobilization.


Conclusion


We have developed a new and very facile approach for the
development of heterogeneous asymmetric organocatalysts


Scheme 4. Heterogeneous FCIL-catalyzed asymmetric Michael addition.


Table 7. Solvent effect in asymmetric Michael addition reactions cata-
lyzed by 1e/2d.


Entry[a] Solvent Yield
[%][b]


syn/anti[c] ee
[%][d]


1 neat trace – –
2 toluene 81 94:6 83
3 methanol 85 91:9 85
4 THF 77 93:7 78
5 CH2Cl2 67 96:4 84
6 CH3CN 74 93:7 80
7 ethyl acetate 66 94:6 85
8 CHCl3 73 95:5 84


[a] Reaction conditions: nitrostyrene=0.25 mmol, cyclohexanone=


1.0 mmol, solvent=100 mL. [b] Yield of the isolated products. [c] Deter-
mined by 1H NMR spectroscopic analysis. [d] Determined by chiral
HPLC.


Table 8. Screening of chiral amines 2 in the Michael addition reaction.


Entry[a] Chiral
amine


t
[h]


Yield
[%][b]


syn/anti[c] ee
[%][d]


1 2a 24 77 94:6 82
2 2b 24 84 94:6 88
3 2c 24 89 94:6 87
4 2d 24 81 94:6 83
5 2e 24 94 94:6 87
6 2 f 48 30 89:11 81
7 2g 48 30 86:14 67
8 2h 48 56 92:8 85


[a] Reaction conditions: nitrostyrene=0.25 mmol, cyclohexanone=


1.0 mmol, CH2Cl2=100 mL. [b] Yield of the isolated products. [c] Deter-
mined by 1H NMR spectroscopic analysis. [d] Determined by chiral
HPLC.
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through the complexation of PS/sulfonic acids and chiral
amines in situ through acid–base interactions. PS/sulfonic
acids were shown to not only act as the anchor for the cata-
lyst, but they also played critical roles in affecting the cata-
lytic activity and stereoselectivity. The structure and the
density of the sulfonic acid groups were found to have a
marked impact on the performance of the supported cata-
lysts. PS/sulfonic acid 1e with 1% DVB cross-linking and a
medium loading of sulfonic acid was identified as the opti-
mal support. Furthermore, the noncovalent feature allowed


for combinatorial screening of
the desired heterogeneous
asymmetric organocatalysts for
the targeted reactions. In this
regard, 1e/2 i and 1e/2e were
identified from a library of
readily available chiral amines
as the optimal catalysts for
asymmetric direct aldol and
Michael addition reactions, re-
spectively. These catalysts
demonstrated comparable or
even better activity and stereo-
selectivity than their nonsup-
ported homogeneous catalyst
counterparts.
The heterogeneous nature of


the noncovalently supported
catalysts facilitates easy recy-
cling of the catalysts through
filtration; furthermore, the cat-
alysts could be reused six times
with similar stereoselectivity,
although slightly decreased ac-
tivity. Significantly, the recy-
cled catalysts could be reacti-
vated following an acidic wash-
ing/recharging procedure.
Overall, the noncovalency of


our heterogenization strategy enables simple catalyst prepa-
ration, combinatorial screening, and facile catalyst reuse and
reactivation. Since many kinds of solid acids, such as sulfo-
nated PSs, are commercially available, this strategy may
thus provide a new solution to the development of recovera-
ble and reusable asymmetric organocatalysts.[19] Ongoing in-
vestigations include the design of heterogeneous acids with
enhanced acidity,[16] applications to other organocatalytic
transformations, and the development of a flow catalytic
system.


Experimental Section


General methods : Commercial reagents were used as received, unless
otherwise indicated. Visualization of the developed chromatograms was
performed by fluorescence quenching or staining with KMnO4 and para-
anisaldehyde. 1H and 13C NMR spectra were recorded in CDCl3 on a
300-MHz spectrometer at 25 8C and the chemical shifts are reported in
ppm from tetramethylsilane with the solvent resonance as the internal
standard. The IR spectra were recorded on a FT-IR instrument and are
reported in cm�1. HPLC analysis was performed using Chiralcel AD-H,
OD-H, AS-H, and OJ-H columns. The absolute configurations were de-
termined by correlation to reported results. Elemental analysis was ob-
tained from ThermoQuest. Polystyrene (1% DVB cross-linked) and
linear polystyrene (MW=25000) were commercial available (Acros).
Polystyrene appended with long alkyl chains was synthesized following a
reported procedure.[20]


Typical procedure for the synthesis of PS/sulfonic acid 1e : PS-supported
sulfonic acid was synthesized according to a reported procedure with


Table 9. Applications of catalysts 1e/2e in asymmetric Michael addition reactions.


Entry[a] R1, R2 Ar t
[h]


Yield
[%][b]


syn/anti[c] ee
[%][d]


1 Ph 24 94 94:6 87


2 5 4-MeOPh 24 97 94:6 82
3 5 1-naph 24 97 95:5 89
4 5 4-MePh 30 91 95:5 89
5 5 4-PhPh 30 88 96:4 80
6 5 4-ClPh 20 56 94:6 88
7 5 4-NO2Ph 8 80 96:4 88
8 5 2-NO2Ph 6 95 95:5 84
9 5 3-NO2Ph 12 77 95:5 90
10 5 2-ClPh 15 96 95:5 89
11 5 piperal 24 70 93:7 68
12 5 2,4,-(MeO)2Ph 24 78 94:6 87


13 Ph 24 39 70:30 62


14 Me,H 7 Ph 36 21 – 20
15 isobutyraldehyde 8 Ph 36 69 – 83


[a] Reactions conditions: nitrostyrene=0.25 mmol, ketone=1.0 mmol, toluene=100 mL. [b] Yield of the isolat-
ed products. [c] Determined by 1H NMR spectroscopic analysis. [d] Determined by chiral HPLC.


Table 10. Recycle and reuse of 1e/2e in asymmetric Michael additions.


Entry[a] t
[h]


Yield
[%][b]


syn/anti[c] ee
[%][d]


1 6 95 95:5 84
2 6 98 95:5 83
3 6 91 96:4 84
4 10 93 95:5 84
5 13 89 95:5 81
6 21 77 94:6 80
7 [e] 6 89 95:5 81


[a] Reaction conditions: nitrostyrene=0.25 mmol, ketone=1.0 mmol, tol-
uene=100 mL. [b] Yield of the isolated products. [c] Determined by
1H NMR spectroscopic analysis. [d] Determined by chiral HPLC. [e] The
catalyst was reactivated.
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minor modifications:[19] Chlorosulfonic acid (0.4 mL) was slowly added to
a suspension of PS (3.0 g, 1% DVB cross-linked, 200–400 mesh) in
CH2Cl2 (60 mL) at 0 8C, and the reaction mixture was stirred for 6 h.
THF/water (5:1, 60 mL) was added and after 1 h the resin was collected
on a glass filter, rinsed with water (3O50 mL), THF/water (5:1, 3O
50 mL), and dichloromethane (3O50 mL) and then dried under vacuum
to give resin 1e. From the result of elemental analysis (%) found: S 4.44;
thus, the sulfonic acid content was estimated to be 1.39 mmolg�1.


Typical procedure for the synthesis of catalyst 1e/2d : PS/sulfonic acid 1e
(1.0 g, 1.39 mmol) was suspended in CH2Cl2 (20 mL) and the reaction
mixture was stirred for 15 min at room temperature. Chiral amine 2d
(280 mg, 1.8 mmol) was then added and the resultant mixture was stirred
for 2 h at room temperature. The catalyst was separated by filtration and
washed sequentially with CH2Cl2, ethanol, and CH2Cl2. The solid was
dried in vacuo at room temperature over night to give 1e/2d in quantita-
tive yield. Elemental analysis (%) found: N 3.05, equal to 1.09 mmolg�1


of 2d ; IR (KBr): ñ =3446, 3026, 2922, 2777, 2472, 1945, 1630, 1489, 1447,
1382, 1116, 835, 758, 696, 541 cm�1.


The other catalysts were prepared using similar procedures.


Catalyst 1e/2e: Elemental analysis (%) found: N 3.06, therefore the
loading of 2e was estimated to be 1.09 mmolg�1; IR (KBr): ñ =3445,
3026, 2920, 1946, 1631, 1488, 1448, 1380, 1116, 834, 757, 696, 544 cm�1.


Catalyst 1e/2 i: Elemental analysis (%) found: N 3.08, therefore the load-
ing of 2 i was estimated to be 1.10 mmolg�1. IR (KBr): ñ=3442, 3027,
2921, 1947, 1634, 1488, 1449, 1380, 1164, 1116, 834, 756, 695, 537 cm�1.


Catalyst 1e/2k: Elemental analysis (%) found: N 3.06, therefore the
loading of 2k was estimated to be 1.09 mmolg�1; IR (KBr): ñ=3441,
3027, 2922, 1947, 1631, 1487, 1449, 1381, 1160, 1115, 834, 756, 696,
538 cm�1.


Typical procedure for the asymmetric direct aldol reaction : Catalyst 1e/
2 i (22 mg, 0.025 mmol) was added to a solution of cyclohexanone
(0.1 mL) in CH2Cl2 (0.1 mL). The heterogeneous solution was stirred for
10 min and then 4-nitrobenzaldehyde (38 mg, 0.25 mmol) was added. The
resulting mixture was stirred at room temperature until no 4-nitrobenzal-
dehyde could be detected. The catalyst was filtered and washed with di-
ethyl ether (3O5 mL). The catalyst could be directly used after removing
the residue volatile under vacuum. The organic portions were combined
and concentrated. The residue was purified by column chromatography
on silica gel to afford the desired product (61 mg, 97%). 1H NMR
(300 MHz, CDCl3): d =1.32–1.46 (1H, m), 1.46–1.76 (2H, m), 1.76–1.91
(1H, m), 2.04–2.19 (1H, m), 2.28–2.44 (1H, m), 2.44–2.72 (2H, m), 4.00–
4.16 (1H, d, J=3.0 Hz), 4.81–4.03 (1H, dd, J=3.0, 3.2 Hz, 8.3 Hz), 7.43–
7.67 (2H, m), 8.10–8.37 (2H, m) ppm; 13C NMR (CDCl3, 75 MHz): d=


24.7, 27.6, 30.7, 42.6, 57.1, 74.0, 123.5, 127.8, 147.6, 148.3, 214.6 ppm; the
enantiomeric excess was determined by HPLC on an AD-H column at
254 nm (2-propanol/hexane 20:80), 25 8C, 0.5 mLmin�1; tR=22.44
(major), tR=28.60 (minor).


All the aldol products in Table 5 are known products.[4r,13]


Typical procedure for asymmetric Michael reaction : Catalysts 1e/2d
(22 mg, 0.025 mmol) were added to a solution of cyclohexanone (0.1 mL)
in toluene (0.1 mL). The heterogeneous mixture was stirred for 10 min
and b-nitrostyrene (37 mg, 0.25 mmol) was added. The resultant mixture
was stirred at room temperature until no b-nitrostyrene could be detect-
ed. Ethyl ether was then added to the reaction mixture. The product
layer was separated and the catalyst was washed with diethyl ether (3O
5 mL). The catalyst could be used directly after removing the residue vol-
atile under vacuum. The organic portions were combined and concentrat-
ed. The residue was purified by column chromatography on silica gel to
afford the desired product (58 mg, 94%). 1H NMR (300 MHz, CDCl3):
d=1.21–1.26 (1H, m), 1.16–1.74 (4H, m), 2.13–2.16 (1H, m), 2.37–2.47
(2H, m), 2.68–2.70 (1H, m), 3.72–3.79 (1H, m), 4.59–4.66 (1H, dd), 4.91–
4.96 (1H, dd), 7.15–7.35 (5H, m) ppm; the enantiomeric excess was de-
termined by HPLC with an AD-H column at 254 nm (2-propanol/hexane
10:90), 25 8C, 0.5 mLmin�1; tR=20.86 (minor), tR=25.47 (major).


All the Michael adducts are known products.[17,21]


Typical procedure for the reactivation of catalysts 1e/2 i : The deactivated
catalyst (0.025 mmol) was treated with 1m HCl/dioxane (1 mL). The


result mixture was stirred for 5 min at room temperature. The solid cata-
lyst was separated and washed sequentially with methanol and ethyl
ether (3O5 mL). The obtained solid was resuspended in CH2Cl2 (0.5 mL)
and 2 i (4.0 mg, 0.028 mmol) was added. The reaction mixture was then
stirred for 1 h. The solid was separated and washed with CH2Cl2 and di-
ethyl ether. After removing the residue solvent under vacuum, the solid
was used directly in the catalytic reactions.
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Polycyano-Anion-Based Energetic Salts
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Introduction


The synthesis of energetic compounds has attracted consid-
erable interest over recent years,[1–4] especially in the synthe-
sis and application of new members of heterocyclic-based
energetic salts.[5,6] Designing energetic materials based on
combinations of different ions for a specific purpose pro-
vides a powerful methodology. The impact on properties as
a function of the cations and anions and the variation of
substituents on those ions obtained from earlier studies pro-
vides important knowledge.[6]


In a recent study on the design and synthesis of novel en-
ergetic salts, we reported new energetic salts with nitrodi-
cyanomethanide and dinitrocyanomethanide anions paired
with 1,5-diamino-4-methyltetrazolium, 1,4-dimethyl-5-ami-
notetrazolium, 1,4,5-trimethyltetrazolium, 1-methyl-4-
amino-1,2,4-triazolium, 1,4-dimethyltriazolium, and 1,3-di-
methylimidazolium cations. These salts exhibit higher stan-
dard enthalpies of formation than their nitrate analogues,
mainly arising from the introduction of the cyano group.[7]


The presence of this moiety is predicted by theoretical cal-
culations to result in an increase in the heat of formation
(higher than for either the NO2 or NF2 groups but lower


than for the N3 group).[8] In the light of this finding, we
sought a new anion source that contained a large number of
cyano groups to design salts of higher energy. 1,1,2,3,3-Pen-
tacyanopropene (PCP) and 2-dicyanomethylene-1,1,3,3-tet-
racycanopropane (DTP) are two of the strongest CH acids
known.[9] PCP and DTP salts, similar to derivatives of super-
acids, have been the subject of considerable interest in the
field of coordination chemistry and molecular materials.[10]


These organic anions are interesting because of their ability
to act in various coordination modes and for their high elec-
tronic delocalization.[11] The PCP and DTP anions have
higher heats of formation relative to the nitrodicyanometha-
nide and dinitrocyanomethanide anions.[7] However, to date,
the utilization of these compounds as energetic materials
has been limited to the suggestion of using some metal salts
of DTP in propellant compositions.[12]


Herein, we report the synthesis and calculated heats of
formation of energetic salts based on the PCP and DTP
anions. One of the salts can be used as a precursor to a
carbon nitride.


Results and Discussion


The synthesis of energetic salts 1–6 and 8–10 was accom-
plished by treating silver PCP salts (Scheme 1) or barium
DTP salts (Scheme 2) with stoichiometric amounts of guani-
dine, aminoguanidine, or nitrogen-rich bases as chloride or
sulfate salts. Attempts to recrystallize 6 from acetone gave
the condensation product with the triaminoguanidine cation,
thus leading to salt 7 (Scheme 3), the cation of which was
previously reported only as its iodide.[13] All of the salts
were isolated as highly crystalline materials in excellent
yields with good purity. Differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA) support the
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existence of a new family of very stable salts that decom-
pose well above their relatively high melting points. This be-
havior can most likely be attributed to the high thermal sta-
bility of the PCP or DTP anions in the salts.


Phase-transition temperatures (midpoints of melting
points Tm) for all the salts were determined by DSC studies
(Table 1), and all the salts have melting points greater than
100 8C. Their decomposition temperatures were determined
by TGA studies and, with the exception of 3, 7, and 9, de-
compose well above 200 8C. Salt 10 has the highest thermal
stability and decomposes at 354.1 8C.


The heats of formation (kJmol�1 and kJg�1) for 1–6 and
8–10 were calculated (Table 1). The molar heat of formation
of 1 is DHf=1579.1 kJmol�1, which exceeds the values for 2
and 6 and is probably because of the high heat of formation
of the cation. This value is the highest calculated for any
compound in this study. Interestingly, although salt 9 com-
prises the cation and anion with the two highest heats of for-
mation presented herein, the higher lattice energy results in
a heat of formation considerably lower than that of 1, al-
though the cation is common to both. Although the DTP
anion has a higher heat of formation than the PCP anion,
the heat of formation of 8 is much lower than that of 1,
even with a common cation. It is obvious that the higher lat-
tice energy and lower number of anions in 8 counteract the
influence of the heat of formation of the anion. The same
phenomenon is also found with 4 and 10, which have essen-
tially the same molar heats of formation. Therefore, one
must be mindful of both the influence of the ions and the
lattice energy when designing new energetic salts. The heats
of formation of all the salts are reported in kJg�1 and were
calculated (Table 1). Salts 4, 6, and 9 have the highest
energy densities (2.66, 3.39, and 3.16 kJg�1, respectively)
and have higher values than the energy densities of known
salts with a high nitrogen content (i.e., for guanidinium 5,5’-
azotetrazolate (11), triaminoguanidinium 3,6-bisnitroguanyl-
tetrazine (12), and triaminoguanidinium 5,5’-azotetrazolate
(13) the energy densities are 1.44, 2.54, and 2.87 kJg�1, re-
spectively;[6m,o] Scheme 4).


Calculation of detonation properties and specific impulse
Isp values using Cheetah 4.0 shows that salt 9 has the highest
detonation pressure (P=14.66 GPa) and velocity (nD=


6856 ms�1) comparable to that of 2,4,6-trinitrophenyl-N-
methylnitramine (tetryl; P=14.2 GPa, nD=6680 ms�1).[14]


All of the salts with the exception of 2 have higher detona-
tion velocities than some energetic salts, such as mercury
fulminate, lead azide, silver azide, lead styphnate, and am-
monium nitrate (nD=4250, 4630, 4000, 5200, and
5270 ms�1, respectively).[14c] Moreover, several of the salts


Scheme 1. Synthesis of PCP salts.


Scheme 2. Synthesis of DTP salts.


Scheme 3. Schiff base of the triaminoguanidine PCP salt
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(i.e., 1, 3, 5, 6, and 9) with Isp values of >160 s may be classi-
fied in the low-energy monopropellant class (Table 1).


After the decomposition by TGA of 8, a brown porous
powder remained in the pan. To obtain a larger amount of
material, 4.9 mg of 8 was heated to 350 8C under nitrogen to
yield 3.6 mg of porous carbon nitride, which was character-
ized by IR spectroscopic and elemental analysis and scan-
ning electron microscopy (SEM; Figure 1). The results indi-
cate that the porous powder is a carbon nitride. Elemental
analysis shows the product to have the formula of
CN0.73H0.37. The IR spectrum of carbon nitride is given in
Figure 2 and is dominated by absorption bands in the region
950–1800 cm�1, which are consistent with conjugated C=N
and C=C species (1600–1700 cm�1) and N=N bonds


(1253 cm�1). The product shows
only a minor absorption near
2200 cm�1, which is the region
in which the cumulenated
double-bond (N=N=N or N=C=


N) and triple-bond (C�N) ab-
sorptions lie.[15] The spectrum
obtained using SEM analysis
shows that the carbon nitride
materials formed a glassy mi-
crostructure with large holes
and voids (Figure 1a). At


higher magnification, a fused spherical particle morphology
is evident on the surface of the solid (Figure 1b). Carbon ni-
trides are of current interest as a result of their novel me-
chanical, optical, and tribological properties, which include
low density, surface roughness, wear resistance, chemical in-
ertness, and biocompatibility.[16]


Prior reports indicate that precursors to carbon nitrides
are neutral compounds, such as triazine derivatives[15,16e,f, 17]


and polyazide compounds.[18] It appears that energetic salts
were not decomposed to carbon nitrides, but rather azide-
containing compounds, which are sensitive to temperature
and friction, were used. Our salts have higher thermal stabil-
ities and lower friction sensitivities and provide a new route
to the synthesis of carbon nitrides.


Table 1. Properties of energetic PCP and DTP salts.


Salt d[a] Tm
[b] Td


[c] DHf
[d] (cation) DHf


[d] (anion) Lattice energy[d] DHf P[e] nD[f] Isp
[g]


ACHTUNGTRENNUNG[gcm�3] [8C] [8C] ACHTUNGTRENNUNG[kJmol�1] ACHTUNGTRENNUNG[kJmol�1] ACHTUNGTRENNUNG[kJmol�1] ACHTUNGTRENNUNG[kJmol�1] ACHTUNGTRENNUNG[kJg�1] ACHTUNGTRENNUNG[GPa] ACHTUNGTRENNUNG[ms�1] [s]


1 1.43 – 261.4 1903.6 494.9 1314.3 1579.1 2.98 9.98 5816 162.8
2 1.29 124.8 223.0 680.6 494.9 451.5 724.0 2.90 6.41 4892 151.9
3 1.37 133.0 194.1 936.3 494.9 457.5 973.7 3.88 9.51 5718 181.3
4 1.37 – 221.4 575.9 494.9 469.9 600.9 2.66 9.11 5600 157.6
5 1.41 148.6 233.1 667.4 494.9 465.6 696.7 2.89 11.19 6104 168.8
6 1.36 113.6 221.6 871.5 494.9 447.9 918.5 3.39 12.39 6400 189.4
7 1.21 129.3 197.9 – – – –
8 1.50 134.8 258.8 1903.6 668.3 1806.3 765.6 1.90 11.01 6154 144.5
9 1.55 – 188.7 2302.0 668.3 1871.0 1099.3 3.16 14.66 6856 175.3
10 1.41 – 354.1 575.9 668.3 1194.2 625.8 1.92 11.03 6131 154.7


[a] Density. [b] Melting point. [c] Decomposition temperature. [d] Heat of formation. [e] Detonation pressure. [f] Detonation velocity. [g] Specific im-
pulse.


Scheme 4. Nitrogen-rich salts.


Figure 1. SEM images of amorphous carbon nitride at magnifications of a) 135I and b) 3500I .
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X-ray crystallography : Crystals of both samples suitable for
X-ray diffraction were obtained by slow evaporation from
acetone for 7 and aqueous solution for 8 (Table 2). The ion
pair in 7 is symmetry unique, whereas the cation and anion
in 8 lie on the inversion centre and the full structure, includ-
ing lattice H2O molecules, is generated by symmetry. The
cation core and anion in 7 are essentially planar, thus indi-
cating delocalization of the charge. The PCP anion exists in
two disordered orientations (inverted to each other) with


the majority position (82%; Figure 3a). The charge delocali-
zation in the disordered PCP anion is also reflected in simi-
lar bond lengths to propene (C19-C22-C25: 1.389(4),


1.382(3) M; C19b-C22b-C25b: 1.45(2), 1.42(1) M). There is
only weak hydrogen bonding between the ion pair in the ex-
tended structure of 7 (C11···N29: 3.492(8); C15···N17:
3.300(4) M; Figure 3b). There is, however, strong intramolec-
ular hydrogen bonding around the cation triskelion
(N2···N13: 2.601(2); N7···N3: 2.631(2); N12···N8:
2.632(2) M), which also stabilizes the charge.


The dication in the centrosymmetric dimer 8 (Figure 4a)
is also essentially planar, which again indicates delocaliza-
tion of the charge. This delocalization is also displayed in
the shortened bond lengths of C5�N (C5�N6: 1.319(2); C5�
N7: 1.306(2); C5�N4: 1.365(2) M), which are similar to the


Figure 2. IR spectrum of a carbon nitride prepared from salt 8.


Table 2. Crystallographic data and structure-refinement parameters.


7 8


formula C18H21N11 C14H14N16O2


Mw 391.46 438.41
crystal system triclinic monoclinic
space group P1 C2/c
a [M] 7.6298(4) 11.874(2)
b [M] 11.7947(7) 13.426(2)
c [M] 12.1206(7) 13.112(3)
a [8] 91.550(2) 90
b [8] 91.235(2) 106.477(3)
g [8] 107.647(3) 90
V [M3] 1038.53(10) 2004.5(6)
Z 2 4
T [K] 90(2) 90(2)
l [M] 0.71073 0.71073
1calcd [Mgm�3 1.252 1.453
m [mm�1] 0.084 0.109
F ACHTUNGTRENNUNG(000) 412 904
crystal size [mm3] 0.25I0.24I0.08 0.37I0.12I0.07
q range [8] 1.68–25.25 2.35–25.24
index ranges �9�h�9


�14�k�14
�14� l�14


�14�h�14
�16�k�16
�15� l�15


number of
reflections collected


15050 15168


number of
independent reflections


3754
(R ACHTUNGTRENNUNG(int)=0.0238)


1813
(R ACHTUNGTRENNUNG(int)=0.0373)


data/restraints/param. 3754/0/319 1813/12/174
GOF 1.026 1.020
R1 (I>2s I))[a] 0.0462 0.0317
wR2 (I>2s(I))[a] 0.1122 0.0715
largest differential
peak, hole [eM�3]


0.351, �0.219 0.215, �0.183


CCDC reference 651004 651005


[a] R1=�kFo j�jFck /� jFo j ; wR2= {�[w ACHTUNGTRENNUNG(Fo
2�Fc


2)2]/�[w ACHTUNGTRENNUNG(Fo
2)2]}1/2


Figure 3. a) Displacement ellipsoid plot (30%) of 7 showing numbering
scheme. The disordered anion is shown in the most occupied conforma-
tion. b) Ball-and-stick diagram of the extended structure of 7 viewed
down the a axis. The hydrogen atoms are omitted for clarity.
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bond lengths of diguanidinium hexafluorosilicate, for exam-
ple.[19] The anion shows remarkable homogenization of bond
lengths throughout, but instead of a planar arrangement as-
sumes a propeller twist of approximately 17–218 around the
central C8 atom. Charge delocalization is further assisted by
hydrogen bonding directly between the cation and anion
(N6··N13: 2.916(2); N6···N11: 3.203(2) M) and also by the
lattice water molecules (O1···N13: 3.103(2); O1···N16:
3.071(2) M). The complex 3D structure is built up from hy-
drogen-bonded sheets with the water molecules occupying
voids that are parallel to the a axis (Figure 4b). Structural
characterization of these types of anions is rare, and there is
only one other report of a DTP salt.[20] The anion in this qui-
nolinium salt also has a propeller twist with the dicyano
groups at approximately 13 and 248 to the central carbon
atom.


Theoretical study : To obtain a better understanding of the
PCP and DTP anions, a natural bond orbital (NBO) popula-
tion analysis fixed at the optimized structures ((HF/6-31+


GACHTUNGTRENNUNG(d,p) and DFT/6-31+GACHTUNGTRENNUNG(d,p)) was used to investigate the
bonding and hybridization in this species (single-point


energy calculated at the HF/6–311++G ACHTUNGTRENNUNG(3df,2p) and DFT/
6–311++GACHTUNGTRENNUNG(3df,2p) levels).[21] The calculations were carried
out using a Gaussian 03 (Revision D.01) suite of pro-
grams.[22] The geometric optimization of the structures and
frequency analyses was carried out using B3-LYP functional
with the 6-31+G** basis set,[23] and the single-point energy
was calculated at the MP2ACHTUNGTRENNUNG(full)/6–311++G** level. All of
the optimized structures were characterized to be true local
energy minima on the potential-energy surface without
imaginary frequencies. The NBO analysis (Figure 5 and


Tables 3 and 4) showed that the optimized free anion has a
symmetric charge distribution for the PCP (C2=C9, C3=
C12, N4=N13, C5=C10, N6=N11) and DTP (C1=C3=C4,
C5=C7=C9=C11=C13=C15, N6=N8=N10=N12=N14=N16)
anions, and the negative charge is delocalized over the nitro-
gen and carbon atoms in the cyano groups.


Figure 4. a) Displacement ellipsoid plot (30%) of 8. The hydrogen atoms
are included but unlabeled for clarity. b) Ball-and-stick packing diagram
of 8 viewed down the a axis. The dashed lines indicate hydrogen bonding.
Hydrogen atoms are omitted for clarity.


Figure 5. PCP and DTP anions (NBO analysis).


Table 3. NBO charge distribution of the PCP anion.


Atom Hartree–Fock[a] DFT[b]


Mulliken NBO Mulliken NBO


C1 0.136 0.092 0.523 �0.033
C2,C9 0.648 �0.443 0.848 �0.360
C3,C12 0.947 0.353 0.500 0.295
N4,N13 �1.342 �0.412 �1.110 �0.365
C5,C10 0.750 0.345 0.363 0.289
N6,N11 �1.284 �0.388 �1.053 �0.341
C7 0.731 0.312 0.484 0.290
N8 �1.305 �0.313 �1.102 �0.292


[a] HF/6-31+G ACHTUNGTRENNUNG(d,p)//HF/6–311++G ACHTUNGTRENNUNG(3df,2p). [b] B3LYP/6-31+G ACHTUNGTRENNUNG(d,p)//
B3LYP/6- 311++G ACHTUNGTRENNUNG(3df,2p).
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Based on a Born–Haber energy cycle (Figure 6), the heat
of formation of a salt can be simplified by the expres-
sion (I):


DHf
�ðionic salt, 298 KÞ ¼ DHf


�ðcation, 298 KÞþ
DHf


�ðanion, 298 KÞ�DHL


ðIÞ


where DHL is the lattice energy of salt MpXq, which could
be predicted by the expression (II) suggested by Jenkins
et al.[24] as:


DHL ¼ Upot þ ½pðnM=2�2Þ þ qðnX=2�2Þ�RT ðIIÞ


where nM and nX depend on the nature of the ions Mq+ and
Xp� (q and p are the charges on the cation and anion), re-
spectively, and are equal to 3 for monatomic ions, 5 for
linear polyatomic ions, and 6 for nonlinear polyatomic ions.
The equation for lattice potential energy Upot (given in
kJmol�1) has the form (III):


UPOT ¼ gð1m=MmÞ1=3 þ d ðIIIÞ


where 1m is the density (gcm�3), Mm is the chemical formula
mass of the ionic material (g or mg), and the coefficients g


(kJmol�1 cm) and d (kJmol�1) take their values from previ-
ous reports.[8,26]


The remaining task was the determination of the heats of
formation of the cations and anions, which was computed by
using the method of isodesmic reactions (Scheme 5). The
sources of the energies of the parent ions in the isodesmic
reactions were calculated from protonation reactions
(DHf8(H


+)=1530 kJmol�1; Scheme 5).[8,25] The enthalpy of


an isodesmic reaction (DHr8298) is obtained by combining
the MP2 ACHTUNGTRENNUNG(full)/6–311++G** energy difference for the reac-
tion, the scaled zero-point energies (B3LYP/6-31+G**),
and other thermal factors (B3LYP/6-31+G**). The heats of
formation of the cations and anions being investigated can
then be extracted readily (see the Supporting Information).


Conclusion


The formation of salts based on polycyano anions provides a
straightforward approach to energetic salts that exhibit
physical properties, such as relatively high thermal stabilities
(Td>198 8C) and high heats of formation. Some salts have
specific-impulse characteristics that identify them as low-
energy monopropellants, and one of these salts can be used
as a precursor for a carbon nitride.


Experimental Section


Caution: While we have experienced no difficulties with the shock and
friction sensitivity of these salts, they must be synthesized only in milli-
molar amounts and handled with caution.


General : All the reagents were of analytical grade, purchased from com-
mercial sources, and used as received. Silver 1,1,2,3,3-pentacyanopropene
and barium 2-dicyanomethylene-l,l,3,3-tetracyanopropanediide was pre-
pared by using previously reported methods.[26] 3,6-Diguanidino-1,2,4,5-
tetrazine[26,27] and 3,6-dihydrazino-1,2,4,5-tetrazine[28] were synthesized by
using previously reported methods. 1H and 13C NMR spectra were re-


Table 4. NBO charge distribution of the DTP anion.


Atom Hartree–Fock[a] DFT[b]


Mulliken NBO Mulliken NBO


C1,C3,C4 0.250 �0.550 0.667 �0.451
C2 �0.0640 0.283 0.0356 0.131
C5,C7, C9, C11,C13, C15 0.959 0.401 0.494 0.326
N6, N8,N10, N12, N14, N16 �1.406 �0.506 �1.167 �0.456


[a] HF/6-31+G ACHTUNGTRENNUNG(d,p)//HF/6–311++G ACHTUNGTRENNUNG(3df,2p). [b] B3LYP/6-31+G ACHTUNGTRENNUNG(d,p)//
B3LYP/6–311++GACHTUNGTRENNUNG(3df,2p).


Scheme 5. Isodesmic reactions of ions.Figure 6. Born–Haber cycle for the formation of energetic salts.
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corded on a 300-MHz NMR spectrometer operating at 300.13 and
75.48 MHz, respectively. Chemical shifts are reported relative to Me4Si.
The solvent was deuterated dimethyl sulfoxide ([D6]DMSO) unless other-
wise specified. The melting and decomposition points were recorded on a
differential scanning calorimeter (DSC) and a thermogravimetric ana-
lyzer (TGA) at a scan rate of 10 8Cmin�1, respectively. IR spectra were
recorded using KBr pellets. The densities of energetic salts were mea-
sured at room temperature using a Micromeritics Accupyc 1330 gas pycn-
ometer. Elemental analyses were obtained on an Exeter CE-440 Elemen-
tal Analyzer. SEM images were recorded on an AMRAY 1830 scanning
electron microscope.


X-ray crystallography : Crystals of 7 and 8 were removed from the flask,
a suitable crystal was selected and attached to a glass fiber, and the data
were collected at 90(2) K using a Bruker/Siemens SMART APEX instru-
ment (MoKa radiation, l=0.71073 M) equipped with a Cryocool NeverIce
low-temperature device. The data were measured using omega scans of
0.38 per frame for 20 s,[5] and a full sphere of data was collected. A total
of 2400 frames were collected for each structure with a final resolution of
0.83 M. Cell parameters for 7 were retrieved by using SMART[29] soft-
ware and refined by using SAINTPlus[30] on all observed reflections. For
8, cell parameters were retrieved by using APEX2[31] software and re-
fined by using the INTEGRATE module[32] on all observed reflections.
Data reduction and correction for Lorentzian polarization and decay
were performed by using the SAINTPlus software. Absorption correc-
tions were applied by using SADABS.[33] Structures were solved by direct
methods and refined by the least-squares method on F2 using the
SHELXTL program package.[34] The structure of 7 was solved in the
space group P1 (no. 2) by analysis of systematic absences. The anion was
disordered (82:18) and the minor moiety was held to be isotropic. All
other non-hydrogen atoms were refined anisotropically. The structure of
8 was solved in the space group C2/c (no. 15) by analysis of systematic
absences. All non-hydrogen atoms were refined anisotropically. No de-
composition was observed during data collection for either sample. Some
restraints were applied in both models to stabilize atomic displacements.
Details of the data collection and refinement are given in Table 2.


Synthesis


3,6-Biguanidinetetrazine pentacyanopropenide (1): Silver pentacyanopro-
penide (274 mg, 1 mmol) and 3,6-biguanidinetetrazine hydrochloride
(136 mg, 0.5 mmol) were suspended in water (10 mL). After the mixture
had been stirred at 50 8C for 3 h, the solids were removed by filtration,
the solvent was removed slowly, and the product isolated as red needles
(189 mg, 71%). IR (KBr pellet): ñ=3421, 3338, 3190, 3082, 3010, 2927,
2449, 2206, 1698, 1645, 1604, 1559, 1490, 1421, 1294, 1074, 1033, 941, 747,
646, 531 cm�1; 1H NMR: d=8.15 (s, br) ppm; 13C NMR: d=159.7, 155.5,
136.2, 117.7, 115.3, 114.6, 55.4 ppm; elemental analysis (%) calcd for
C20H10N20 (530.43): C 45.29, H 1.90, N 52.81; found: C 45.13, H 1.78, N
52.24.


Methylimidazolium pentacyanopropenide (2): Silver pentacyanoprope-
nide (274 mg, 1 mmol) was suspended in water (10 mL) and an aqueous
solution of 1,2,3-methylimidazolium chloride (119 mg, 1 mmol) was
added. After the mixture had been stirred at room temperature for 3 h,
the solids were removed by filtration, the solvent was removed slowly,
and the product isolated as yellow needles (214 mg, 86%). IR (KBr
pellet): ñ =3147, 3024, 2974, 2444, 2367, 2198, 1995, 1640, 1579, 1546,
1428, 1380, 1300, 1143, 1006, 906, 821,771, 666, 626, 530 cm�1; 1H NMR:
d=8.98 (s, 1H), 7.61 (s, 1H), 7.58 (s, 1H), 3.86 (s, 3H) ppm; 13C NMR:
d=137.1, 136.2, 124.4, 121.0, 117.7, 115.3, 114.6, 58.4, 36.8 ppm; elemen-
tal analysis (%) calcd for C12H7N7 (249.23): C 57.83, H 2.83, N 39.34;
found: C 57.55, H 2.59, N 39.59.


4-Aminotriazolium pentacyanopropenide (3): Silver pentacyanoprope-
nide (274 mg, 1 mmol) was suspended in water (10 mL) and an aqueous
solution of 4-aminotriazolium chloride (121 mg, 1 mmol) was added.
After the mixture had been stirred at room temperature for 3 h, solids
were removed by filtration, the solvent was removed slowly, and the
product isolated as yellow plates (201 mg, 80%). IR (KBr pellet): ñ=


3327, 3237, 3136, 3011, 2843, 2455, 2211, 1995, 1718, 1633, 1490, 1406,
1327, 1249, 1207, 1042, 1002, 933, 869, 670, 613, 530, 496 cm�1; 1H NMR:
d=9.51 (s, 2H), 9.50 (s, br, 2H) ppm; 13C NMR: d=145.2, 136.2, 117.7,


115.3, 114.6, 58.4 ppm; elemental analysis (%) calcd for C10H5N9


(251.21): C 47.81, H 2.01, N 50.18; found: C 47.52, H 1.87, N 49.86.


Guanidinium pentacyanopropenide (4): Silver pentacyanopropenide
(274 mg, 1 mmol) was suspended in water (10 mL) and an aqueous solu-
tion of guanidine chloride (95 mg, 1 mmol) was added. After the mixture
had been stirred for 3 h, the solids were removed by filtration, the solvent
was removed slowly, and the product isolated as yellow needles (201 mg,
89%). IR (KBr pellet): ñ =3460, 3275, 3199, 2449, 2208, 1659, 1570, 1504,
1385, 1153, 975, 613, 530, 499 cm�1; 1H NMR: d=6.83 (s) ppm; 13C NMR:
d=159.3, 136.2, 117.7, 115.3, 114.6, 58.5 ppm; elemental analysis (%)
calcd for C9H6N8 (226.20): C 47.79, H 2.67, N 49.54; found: C 47.62, H
2.38, N 49.02.


Aminoguanidinium pentacyanopropenide (5): Silver pentacyanoprope-
nide (274 mg, 1 mmol) was suspended in water (10 mL) and an aqueous
solution of aminoguanidine chloride (111 mg, 1 mmol) was added. After
the mixture had been stirred for 3 h, the solids were removed by filtra-
tion, the solvent was removed slowly, and the product isolated as yellow
plates (171 mg, 71%). IR (KBr pellet): ñ=3477, 3382, 3269, 2874, 2694,
2459, 2229, 2218, 1987, 1628, 1508, 1385, 1248, 1196, 1004, 968, 916, 668,
516, 481, 467 cm�1; 1H NMR: d =8.47 (s, 1H), 7.09 (s, 2H), 6.72 (s, 2H),
4.57 (s, 2H) ppm; 13C NMR: d=160.1, 136.2, 117.7, 115.3, 114.6,
58.5 ppm; elemental analysis (%) calcd for C9H7N9 (271.24): C 44.81, H
2.93, N 52.26; found: C 44.70, H 2.75, N 51.85.


1,2,3-Triaminoguanidinium pentacyanopropenide (6): Silver pentacyano-
propenide (274 mg, 1 mmol) was suspended in water (10 mL) and an
aqueous solution of 1,2,3-triaminoguanidine chloride (141 mg, 1 mmol)
was added. After the mixture had been stirred for 3 h, the solids were re-
moved by filtration, the solvent was removed slowly, and the product iso-
lated as yellow plates (203 mg, 75%). IR (KBr pellet): ñ=3381, 3329,
3220, 2874, 2762, 2207, 1986, 1915, 1681, 1605, 1500, 1435, 1385, 1346,
1195, 1130, 1054, 948, 754, 668, 639, 569, 530, 464, 450, 403 cm�1;
1H NMR: d =8.58 (s, 3H), 4.48 (s, 6H) ppm; 13C NMR: d =160.4, 136.2,
118.3, 115.3, 114.6, 58.4 ppm; elemental analysis (%) calcd for C9H9N11


(271.24): C 39.85, H 3.34, N 56.80; found: C 39.80, H 3.12, N 56.67.


Tris[methylidene(methylidene)amino]guanidinium pentacyanopropenide
(7): 1,2,3-Triaminoguanidinium pentacyanopropenide (136 mg, 0.5 mmol)
was dissolved in acetone (5 mL). After the mixture had been stirred at
45 8C for 0.5 h, the solvent was removed slowly and the product isolated
as yellow plates (177 mg, 95%). Yellow crystals suitable for X-ray diffrac-
tion were obtained upon recrystallization from acetone. IR (KBr pellet):
ñ=3317, 3002, 2955, 2921, 2196, 1992, 1634, 1509, 1437, 1379, 1338, 1261,
1095, 1038, 673, 613, 510, 469 cm�1; 1H NMR: d =9.22 (s, 3H), 2.14 (s,
9H), 2.05 (s, 9H) ppm; 13C NMR: d =162.3, 150.2, 136.4, 118.1, 115.1,
114.4, 58.2, 25.2, 17.6 ppm; elemental analysis (%) calcd for C18H21N11


(391.43): C 54.95, H 5.89, N 39.16; found: C 55.08, H 5.23, N 39.53.


3,6-Diguanidino-1,2,4,5-tetrazine 2-dicyanomethylene-1,1,3,3-tetracyano-
propanediide (8): Barium 2-dicyanomethylene-1,1,3,3-tetracyanopropane-
diide (172 mg, 0.5 mmol) and 3,6-biguanidinetetrazine sulfate(149 mg,
0.5 mmol) were suspended in water (10 mL). After the mixture had been
stirred at 50 8C for 3 h, the solids were removed by filtration, the solvent
was removed slowly, and the product isolated as dark red needles
(164 mg, 81%). Dark red crystals suitable for X-ray diffraction were ob-
tained upon recrystallization from water. IR (KBr pellet): ñ =3522, 3010,
2822, 2488, 2433, 2180, 2119, 1972, 1708, 1649, 1608, 1397, 1296, 1128,
1035, 943, 879, 856, 765, 655, 592, 534, 472 cm�1; 1H NMR: d =8.15 (s,
br) ppm; 13C NMR: d=172.3, 161.9, 155.5, 121.9 ppm; elemental analysis
(%) calcd for C14H10N16·2H2O (438.37): C 38.36, H 3.22, N 51.12; found:
C 38.09, H 3.02, N 50.86.


3,6-Dihydrazinetetrazine 2-dicyanomethylene-1,1,3,3-tetracyanopropane-
diide (9): Barium 2-dicyanomethylene-1,1,3,3-tetracyanopropanediide
(172 mg, 0.5 mmol) and 3,6-bihydrazinetetrazine sulfate (120 mg,
0.5 mmol) were suspended in water (10 mL). After the mixture had been
stirred at 50 8C for 3 h, the solids were removed by filtration, the solvent
was removed slowly, and the product isolated as dark-red plates (147 mg,
84%). IR (KBr pellet): ñ =3489, 3133, 2683, 2189, 1701, 1606, 1558, 1420,
1325, 1213, 1176, 1105, 941, 879, 850, 570, 535, 460 cm�1; 1H NMR: d=


10.63 (s, br) ppm; 13C NMR: d =166.1, 162.5, 122.9 ppm; elemental analy-
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sis (%) calcd for C12H8N14·H2O (366.30): C 39.35, H 2.75, N 53.53; found:
C 38.84, H 2.55, N 53.09.


Guanidinium 2-dicyanomethylene-1,1,3,3-tetracyanopropanediide (10):
Barium 2-dicyanomethylene-1,1,3,3-tetracyanopropanediide (172 mg,
0.5 mmol) was suspended in water (10 mL) and an aqueous solution of
1,2,3-triaminoguanidine chloride (216 mg, 1 mmol) was added. After the
mixture had been stirred for 3 h, the solids were removed by filtration,
the solvent was removed slowly, and the product isolated as yellow nee-
dles (146 mg, 90%). IR (KBr pellet): ñ =3457, 3357, 3264, 3200, 2827,
2191, 2171, 2122, 1664, 1482, 1426, 1143, 883, 684, 532, 503, 481 cm�1;
1H NMR: d =6.83 (s) ppm; 13C NMR: d =166.2, 159.4, 122.1 ppm; ele-
mental analysis (%) calcd for C12H13N12 (325.31): C 44.30, H 4.03, N
51.67, found: C 44.37, H 3.61, N 51.31.[35]
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Introduction


The chemical synthesis of N-glycans has received considera-
ble attention in recent years, driven by the rapidly growing
field of glycobiology, in which N-glycosylation is one of the
key modifications of eukaryotic secretory proteins. It is now
widely accepted that glycosylation influences the physical
and biological properties of glycoproteins.[1] Analysis of N-
glycans from glycoproteins reveals a high degree of hetero-
geneity,[2] resulting in tedious and low-yielding routes when
it is attempted to isolate these oligosaccharides from natural
sources.[3] In order to improve this situation we have devel-
oped a synthetic alternative, planned on the basis of the
seminal developments of Ogawa[4] and Paulsen,[5] involving
a set of modular building blocks.[6] Key to this endeavor was
the finding of a double regio- and stereoselective glycosyla-
tion sequence.[7,8] In recent years several groups have devel-


oped additional chemical routes for the synthesis of N-gly-
cans, employing a variety of disconnection points and chem-
istries in solution and on the solid phase.[9–17]


Results


The initial goal for developing a chemical synthesis of N-gly-
cans was the biantennary heptasaccharide asparagine (A ;
Scheme 1),[8] which can serve as an acceptor for enzymatic
elongation[18] and as a building block for glycopeptide syn-
thesis.[19,20] Retrosynthetic disconnection suggested a core
trisaccharide B bearing an anomeric azide[21] for conjugation
to asparagine or a linker. The introduction of the antennae
was initially planned through the trichloroacetimidate-acti-
vated disaccharide building block C.[22]


Synthesis of GlcNAcbACHTUNGTRENNUNG(1,2)Man imidates : The route to com-
pound C was analogous to that described by Paulsen,[22] with
the exception that the mannosyl acceptor benzyl 3,4,6-tri-O-
benzyl-d-mannoside[23,24] was employed instead of the corre-
sponding allyl glycoside, thus shortening the overall synthe-
sis by two steps. Despite acceptable yields in the individual
steps leading to imidate C the synthesis was lengthy and not
appropriate for larger scale. In particular, the replacement
of the benzyl groups by acetates was laborious, and a shorter
approach was investigated. We reasoned that tetraacetyl-


Abstract: A building block approach
for biantennary N-linked oligosacchar-
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mannose 3 (Scheme 2) should serve as an acceptor.[25] The
crystalline compound 3 can be produced in a one-pot
manner as described by Helferich,[26,27] but yields and repro-
ducibility were better through the isomerization of the iso-
lated ethyl orthoester.[28] Glycosylation of tetraacetylman-
nose 3 with the imidate 1[29] gave the disaccharide 4 in a
yield of 39%. The yields were optimized by lowering the
temperature and employing molecular sieves as beads
(58%). A further improvement was achieved when thiogly-
coside 2 was allowed to react with 3, giving 4 in 95% yield.
Disaccharide 4 was selectively deprotected with hydrazine
acetate and converted into the desired donor D by treat-
ment with trichloroacetonitrile in the presence of DBU. This
route was used to generate donor D on a 20 g scale within a
short time.


Pentasaccharide syntheses : With the donors C and D to
hand, the glycosylation of core trisaccharide B was investi-


gated. As a result of b-mannoside formation by the intramo-
lecular inversion method developed by Kunz,[30] the acceptor
B[31] carries two neighboring OH groups. In the case of a
corresponding disaccharide, a strategy to protect the axial
OH-2 group selectively through the regioselective isomeriza-
tion of an intermediate orthoester was devised.[32] We sus-
pected that this step might be avoidable through exploita-
tion of the different reactivities of the axial and equatorial
OH groups. To test this hypothesis, donor C (known to give
only a-linked products[5]) was treated directly with trisac-
charide diol B. The resulting pentasaccharide 5 was isolated
in a yield of 62%, and the newly formed linkage was con-
firmed as an a-mannoside (JC-1,H-1=177.3 Hz, C-1


4a). Only
the O-33-linked natural isomer was obtained, as was con-
firmed by a COSY cross-peak of the OH signal to H-23 and
by the 13C signal for C-33 shifting from 69.9 to 79.1 ppm, due
to glycosylation. No other isomers were found.


Scheme 1. Retrosynthesis of biantennary N-glycan-Asn A into suitably protected di- and trisaccharide building blocks B–D. Ac=acetyl, Pht=phthalimi-
do, Bn=benzyl.


Scheme 2. a) 1, BF3·OEt2, CH2Cl2, �50 8C, MS (4 L, beads), 58%; b) 2, NIS, TfOH, CH2Cl2, �45 8C, MS (4 L), 95%; c) 1) hydrazine acetate, DMF;
2) Cl3CCN, DBU, CH2Cl2, 0 8C, [1)–2) 78%]. MS=molecular sieves, TfOH= trifluoromethanesulfonic acid, NIS=N-iodosuccinimide, DMF=N,N-dime-
thylformamide, DBU=1,8-diazabicyclo ACHTUNGTRENNUNG[5.4.0]undec-7-ene.
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We were pleased to see that the glycosylation of the vici-
nal cis-diol B proceeded in a highly regio- and stereoselec-
tive manner. Two factors may be relevant for this outcome:
1) the reactivities of equatorial OH groups in glycosylation
reactions are usually higher than those of axial OH groups
(this is exploited in reactions of galactose derivatives with
unprotected OH-3 and OH-4 groups, in which cases glycosy-
lation preferentially occurs at the equatorial OH-3 func-
tions[33–35]), and 2) in diol B the b-mannosidic linkage, in
conjunction with the two benzyl protecting groups of the
neighboring GlcNAc2, may additionally shield the less reac-
tive OH-2 group. A selective glycosylation of vicinal diols at
OH-3 has been demonstrated in the case of benzylidene-
protected glucosides.[36]


When the phthalimido-protected donor D was treated
with trisaccharide B, only the a1,3-linked pentasaccharide 6
was isolated, in a yield of 84%
(Scheme 3). In order to investi-
gate the reactivity of the re-
maining OH-23 group in the
pentasaccharides 5 and 6, the
glycosylation of B was carried
out with four equivalents of the
donors C or D at �20 8C. In
both cases only the correspond-
ing pentasaccharides 5 or 6
were found in the crude reac-
tion mixtures, according to LC-
MS analysis, indicating that no
double glycosylation had oc-
curred. In the case of the
LEC14 glycan, however, it had
been possible to glycosylate the
axial OH-23 group of 6 with a
glucosamine derivative, though
this required different activa-
tion and more stringent condi-
tions.[37]


For further elongation at
OH-63 the benzylidene acetal
of pentasaccharide 5 was re-
moved by heating in 80%
acetic acid (70% yield of 7).
The yields were not very repro-
ducible, and occasional loss of
acetates was observed by LC-
MS. Debenzylidenation was
more reliably carried out by
acetylation of 6, followed by
treatment with p-toluenesulfon-
ic acid hydrate in acetonitrile
(84% yield of 8 over both
steps). The addition of water in
this deprotection procedure did
not improve the yields, with an
increase in polar side products
instead being observed.


Heptasaccharide syntheses : We assumed that the elongation
of the pentasaccharide acceptor 7 with donor C should se-
lectively provide the desired a-1,6-linked heptasaccharide 9.
Unexpectedly, though, the reaction proceeded sluggishly
and showed only low levels of conversion of acceptor 7. Var-
ious conditions were tested in order to increase the conver-
sion rate, but this led only to inconsistent results with no
overall improvement. In one experiment two products were
obtained: the heptasaccharide 9 (19%) and a nonasacchar-
ide product 10 (16%), in which an additional disaccharide
unit was connected to O-4 of the central b-mannoside. The
structures of 9 and 10 were unambiguously confirmed by
2D-NMR spectroscopy. Heptasaccharide 9 shows an a-
linked Man4’-moiety (JC-1,H-1=172.1 Hz, C-1


4’a) attached to
O-63 of the b-mannoside, as indicated by a doublet for OH-
43 and a low-field shift from 61.2 to 67.8 ppm for C-63. For


Scheme 3. a) B+C, BF3·OEt2, CH2Cl2, �10 8C, MS (4 L), 62% yield of 5 ; B+D, BF3·OEt2, CH2Cl2, �20 8C, MS
(4 L), 84% yield of 6 ; b) 5, AcOH (80%), 70 8C, 70% yield of 7; 6, 1) Ac2O, pyridine; 2) p-toluenesulfonic
acid·H2O, CH3CN, [1)–2) 84% yield of 8]; c) 7+C, BF3·OEt2, CH2Cl2, MS (4 L), 19% yield of 9, 16% yield of
10.
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nonasaccharide 10 the low-field shift of C-43 from 67.9 to
77.3 ppm confirmed that the additional glycosylation had oc-
curred at the equatorial OH-4 group. In order to facilitate
selective glycosylation at OH-63 of the pentasaccharides 7
and 8, other donor/acceptor combinations were investigated.
Glycosylation of the relatively unreactive donor C with the
phthalimido-protected acceptor 8 showed an increased con-
version of the acceptor (data not shown).
A significant improvement was found when the phthalimi-


do-protected donor D was treated under diluted conditions
with acceptor 7 carrying an acetamido group, which led to
the heptasaccharide 11 in 57% yield (Scheme 4). When
these reaction conditions were applied to the coupling of
the phthalimido-protected building blocks D and 8 the hep-
tasaccharide 12 was obtained in 73% yield. Careful analysis
of the crude reaction mixture by LC-MS revealed only a
minor amount of nonasaccharide 13. Thus, conditions allow-


ing for the regio- and stereoselective glycosylation of the
primary OH groups in pentasaccharide 4,6-diols had been
found.
To investigate the propensity of the remaining OH-43


group of the biantennary heptasaccharide 12 to serve as an
acceptor for D the conditions for the regioselective glycosy-
lation of 8 were systematically varied (Table 1). Variations
of temperature and concentration of the reactants or the ad-
dition of excess trichloroacetamide had little effect on the
product distribution, and similar fractions (2–5%) of 13
were detected by LC-MS analysis (Table 1). Only when the
isolated heptasaccharide 12 was used as an acceptor conver-
sions corresponding to 10–23% of nonasaccharide 13 were
obtained, depending on the concentration of the reaction
mixture (Table 2). The reactivity of the OH-43 group of the
phthalimido-protected heptasaccharide product 12 is there-
fore very low under the reaction conditions generally em-


ployed for regioselective glyco-
sylation with donor D, prevent-
ing further reaction to nonasac-
charide 13. The novel nonasac-
charides 10 and 13 represent
non-natural N-glycan homo-
logues that are only accessible
by this chemical glycosylation
pathway.
The pentasaccharide accept-


ors 7 and 8 differ only in the
acetate at O-23 and the phthali-
mido group of the glucosamine5


residue in the a1,3-arm. Regio-
selective a-glycosylation of 7
and 8 with the disaccharide
donors C and D, containing
either an acetamido or a phtha-
limido group at their peripheral
glucosamines, influenced the ef-
ficiency of the reactions consid-
erably. In particular, the pres-
ence of acetamido groups
caused lower yields and in
some cases facilitated addition-
al glycosylation. It can be as-
sumed that the differences in
reactivity of the differently N-
protected acceptors are caused
by a combination of steric and
electronic effects. For the syn-
thesis of N-glycans branching at
O-33 and O-63 of the central b-
mannoside by the double regio-
and stereoselective glycosyla-
tion approach outlined in this
paper the general use of phtha-
limido groups is recommended,
as higher yields are obtained
and side reactions are mini-


Scheme 4. a) 7+D, BF3·OEt2, CH2Cl2, �25 8C, MS (4 L), 57%; b) 8+D, BF3·OEt2, CH2Cl2, �45 8C, MS (4 L),
73%; c) 12+D, BF3·OEt2, CH2Cl2, �20 8C, MS (4 L).
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mized. The finding that phthalimido groups in distant glu-
cosamine residues can influence the reactivities of OH
groups in glycosylation reactions of N-glycans is in accord-
ance with the protecting-group-dependent reactivity ob-
served for bulky donors in the synthesis of highly branched
N-glycans.[38]


Conclusions


In summary, we have developed a double regio- and stereo-
selective glycosylation protocol for N-glycans, allowing se-
lective reactions at any OH group in the central b-manno-
side through the use of a single benzylidene protection
group. Yields were generally improved and side reactions
minimized through the use of phthalimido-protected donors
and acceptors. These building blocks gave only the desired
a-linked products and can be employed in a modular fash-
ion.[6] The N-glycans thus obtained were deprotected for
subsequent incorporation into glycopeptides[18,19] or neogly-
coproteins.[39]


Experimental Section


General methods : Solvents were dried by standard methods. Molecular
sieves were activated prior to use by heating under high vacuum. Optical
rotations were measured on a Perkin–Elmer 241 polarimeter at 589 nm.
NMR spectra were recorded on Bruker AC 250, Avance 360, and
AMX 500 instruments. Coupling constants are reported in Hz. For mass
spectra a Varian CH5 instrument was used in the fast atom bombardment
mode (FAB) with a m-nitrobenzyl alcohol (NBA) matrix. ESI-TOF mass
spectra were recorded on a Micromass LCT instrument coupled to an
Agilent 1100 HPLC. Flash chromatography was performed on silica
gel 60 (230–400 mesh, Merck, Darmstadt). The reactions were monitored


by thin layer chromatography on coated aluminium plates (silica gel 60
GF254, Merck Darmstadt). Spots were detected under UV light or by
charring with a 1:1 mixture of 2n H2SO4 and 0.2% resorcine monometh-
yl ether in ethanol.


Acetyl O-(3,4,6-tri-O-acetyl-2-deoxy-2-phthalimido-b-d-glucopyranosyl)-
(1!2)-3,4,6-tri-O-acetyl-b-d-mannopyranoside (4): A mixture of manno-
side 3 (14.4 g, 41.3 mmol), imidate 1 (36 g, 62.1 mmol), and molecular
sieves (4 L, 20 g beads) in freshly distilled CH2Cl2 (400 mL) was stirred
at �50 8C for 20 min. Boron trifluoride ethyl etherate (720 mL, 5.8 mmol)
was slowly added over 5 minutes, and the solution was allowed to warm
up to �20 8C within 3 h (TLC: hexane/acetone 1.5:1). The suspension
was filtered over celite, and the filtrate was washed with KHCO3 (2m).
The organic layer was dried over MgSO4, filtered, and concentrated in
vacuo. The crude product was purified by flash chromatography (hexane/
ethyl acetate 1:1.25) to afford 4 (18.5 g, 58.4%). Rf=0.51 (hexane/ethyl
acetate 1:2); [a]23D =�42.3 (c=0.5, CH2Cl2);


1H NMR (500 MHz,
[D6]DMSO): d=7.9–7.8 (m, 4H; Pht), 5.95 (dd, J2,3=10.5 Hz, 1H; H-3’),
5.76 (d, J1,2<1 Hz, 1H; H-1), 5.25 (d, J1,2=8.4 Hz, 1H; H-1’), 5.00 (dd,
J4,5=J3,4=9.6 Hz, 1H; H-4’), 4.94 (m, 2H; H-3, H-4), 4.25 (dd, J1,2, J2,3<
1 Hz, 1H; H-2), 4.24 (m, 1H; H-6a’), 4.17 (dd, 1H; H-2’), 4.00 (m, 1H;
H-5’), 3.93 (m, 1H; H-6b’), 3.80 (dd, Jgem=12.4 Hz, Jvic=5.3 Hz, 1H; H-
6a), 3.75–3.70 (m, 2H; H-5, H-6b), 2.03, 2.02, 2.00, 1.98, 1.97, 1.96,
1.82 ppm (7Os, 21H; OAc); 13C NMR (125 MHz, [D6]DMSO): d=170.1,
169.9, 169.7, 169.5, 169.3, 169.2, 168.5, 167.4, 167.1 (C=O), 134.7 (C-4/
5 Pht), 130.9 (C-1/2 Pht), 123.3, 123.1 (C-3/6 Pht), 97.5 (C-1’), 90.3
(JC-1,H-1=164.4 Hz from a coupled 13C spectrum; C-1b), 72.7 (C-2), 71.3
(C-5), 71.1 (C-3), 70.4 (C-5’), 69.2 (C-3’), 68.9 (C-4’), 64.6 (C-4), 61.9 (C-
6), (C-6’), 54.0 (C-2’), 20.5, 20.3, 20.2, 20.1 ppm (OAc); ESI-MS: m/z :
calcd for C34H39NO19: 765.21; found: 788.23 [M+Na]+ ; elemental analysis
calcd (%) for C34H39NO19 (765.68): C 53.33, H 5.13, N 1.83; found: C
53.42, H 5.22, N 1.94.


From thioglycoside 2 : NIS (26.2 g, 0.12 mol) was added to a suspension
of thioglycoside 2 (22.3 g, 46.51 mmol), acceptor 3 (25.2 g, 72.35 mmol),
and ground molecular sieves (4 L, 30 g) in freshly distilled CH2Cl2 (1 L).
The mixture was cooled to �45 8C and after 20 min of stirring, TfOH
(0.60 mL, 6.88 mmol) was added dropwise over 5 minutes. The reaction
mixture was allowed to warm up to room temperature over 2 h (TLC: cy-
clohexane/ethyl acetate 1:1.5) and was filtered over celite. The filtrate
was washed with KHCO3 (2m, 2O) and Na2S2O3 (10%, 1O). The organic
layer was dried over MgSO4, filtered, and concentrated in vacuo. The
crude product was purified by silica gel flash chromatography (cyclohex-
ane/ethyl acetate 7:8!4:6!5:7) to afford 4 (33.90 g, 95%). Rf=0.25 (cy-
clohexane/ethyl acetate 1:1.5).


O-(3,4,6-Tri-O-acetyl-2-deoxy-2-phthalimido-b-d-glucopyranosyl)-(1!2)-
3,4,6-tri-O-acetyl-a-d-mannopyranosyl trichloroacetimidate (D): A mix-
ture of 4 (18.5 g, 24.16 mmol) and hydrazine acetate (3 g) was stirred in
DMF (65 mL). Upon completion (TLC: hexane/ethyl acetate 1:2) the re-
action mixture was quenched with acetone (15 mL) and concentrated
under high vacuum. The residue was diluted with CH2Cl2 (800 mL),
washed with HCl (1m, 200 mL) and KHCO3 (10%, 200 mL), dried over
MgSO4, filtered, and concentrated in vacuo. The hemiacetal was dis-
solved in freshly distilled CH2Cl2 (400 mL) and cooled to 0 8C, followed
by the addition of trichloroacetonitrile (24 mL, 239 mmol) and DBU
(900 mL, 6 mmol). After disappearance of the starting material (TLC:
hexane/ethyl acetate 1:2), the reaction mixture was concentrated in
vacuo and purified by flash chromatography (hexane/ethyl acetate 1:1) to
afford imidate D (16.3 g, 77.7%). Rf hemiacetal=0.44 (hexane/ethyl ace-
tate 1:2), Rf imidate D=0.58 (hexane/ethyl acetate 1:2); [a]23D =++1.7 (c=


1.5, CH2Cl2);
1H NMR (500 MHz, [D6]DMSO): d=10.0 (s, 1H; NH), 7.9


(m, 4H; Pht), 5.84 (d, J1,2<1 Hz, 1H; H-1), 5.68 (dd, J2,3=J3,4=10.0 Hz,
1H; H-3’), 5.55 (d, J1,2=8.3 Hz, 1H; H-1’), 5.04 (m, 2H; H-4, H-4’), 4.96
(dd, J1,2=3.1 Hz, 1H; H-3), 4.38 (dd, 1H; H-2), 4.23 (dd, Jgem=12.4, Jvic=
5.4 Hz, 1H; H-6a’), 4.18 (dd, 1H; H-2’), 4.02 (m, 2H; H-5’, H-6b’), 3.80
(m, 1H; H-5), 3.69 (dd, Jgem=12.6 Hz, Jvic=4.6 Hz, 1H; H-6a), 3.60 (dd,
Jvic<1 Hz, 1H; H-6b), 2.03, 2.0, 1.98, 1.97, 1.87, 1.80 ppm (6Os, 18H;
OAc); 13C NMR (125 MHz, [D6]DMSO): d=170.1, 169.7, 169.6, 169.2,
168.0–167.0 (broad C=O), 156.7 (C=N), 134.9 (C-4/5 Pht), 130.6 (C-1/
2 Pht), 123.5 (C-3/6 Pht), 96.1 (C-1’), 93.3 (JC-1,H-1=183.1 Hz from a cou-


Table 1. Formation of nonasaccharide 13 as a side product during the ex-
tension of pentasaccharide 8 to heptasaccharide 12 (Scheme 4).


Entry c 8
[mmolmL�1]


Equiv of
D[a]


T
[8C]


Equiv of
Cl3CONH2


[b]
13[c]


[%]
12[c]


[%]


1 37.7 2.1 �20 – �3 �65
2 34.9 2.0 �10 5 �2 �61
3 34.9 2.0 �10 10 �2 �55
4 12.6 3.4 �20 – �5 �63
5 12.6 3.1 �10 – �5 �59
6 12.6 2.1 �10 – �3 �65


[a] Relative to 8. [b] Trichloroacetamide was added to the mixture before
activation. [c] Yields were calculated from the integrals of the UV peaks
at 255 nm.


Table 2. Formation of nonasaccharide 13 during coupling of heptasac-
charide 12 with donor D.


Entry c 12 [mmolmL�1] Equiv of donor D[a] 13[b] [%]


1 33.47 2.1 �23
2 6.60 2.2 �10
3 3.96 2.0 �10


[a] Relative to acceptor 12. [b] Yields were calculated from the integrals
of the UV peaks at 255 nm.
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pled HMQC spectrum, C-1a), 90.0 (CCl3), 72.2 (C-2), 71.0 (C-5’), 70.1
(C-5), 69.8 (C-3’), 68.9 (C-3), 68.6 (C-4’), 64.1 (C-4), 61.7 (C-6’), 61.5 (C-
6), 53.8 (C-2’), 20.42, 20.38, 20.33, 20.1 ppm (OAc); ESI-MS: m/z : calcd
for C34H37Cl3N2O18: 866.11; found: 889.28 [M+Na]+ ; elemental analysis
calcd (%) for C34H37Cl3N2O18 (868.03): C 47.05, H 4.30, N 3.23; found: C
47.19, H 4.30, N 3.49.


Azide 5 : A mixture of acceptor B (500 mg, 404 mmol), donor C (500 mg,
642 mmol), and ground molecular sieves (4 L, 1.5 g) in freshly distilled
CH2Cl2 (15 mL) was stirred at �10 8C for 30 minutes. Boron trifluoride
ethyl etherate (50 mL, 407 mmol) was slowly added over 5 minutes. After
2 h (TLC: hexane/acetone 1:1) the suspension was filtered over celite
and the filtrate was washed with KHCO3 (2m). The organic layer was
dried over MgSO4, filtered, and concentrated in vacuo. The crude prod-
uct was purified by flash chromatography (hexane/acetone 1:1) to afford
5 (465 mg, 62.0%). Rf=0.28 (hexane/acetone 1:1); [a]


23
D =�4.0 (c=0.5,


CH2Cl2);
1H NMR (500 MHz, [D6]DMSO): d=8.0–7.73 (m, 9H;


NH, Pht), 7.50–7.23 (m, 15H; Ar), 6.97–6.77 (m, 10H; Ar), 5.63 (s, 1H;
=CH�Ph), 5.29 (d, J2,OH=5.8 Hz, 1H; OH-23), 5.28 (d, J1,2=9.1 Hz, 1H;
H-11b), 5.25 (d, J1,2=8.4 Hz, 1H; H-1


2b), 5.08 (d, J1,2<1.0 Hz, 1H; H-1
4),


5.06–5.02 (m, 2H; H-34, H-44), 4.96 (dd, J2,3=J3,4=10.0 Hz, 1H; H-3
5),


4.83 (d, Jgem=11.8 Hz, 1H; CH2O), 4.82 (d, Jgem=11.4 Hz, 1H; CH2O),
4.75 (dd, J2,3=J3,4=10.0 Hz, 1H; H-4


5), 4.68 (d, J1,2<1.0 Hz, 1H; H-1
3),


4.62 (d, Jgem=12.1 Hz, 1H; CH2O), 4.57 (d, Jgem=12.1 Hz, 1H; CH2O),
4.44–4.38 (m, 4H; CH2O), 4.39 (d, J1,2=8.5 Hz, 1H; H-1


5b), 4.23–4.18
(m, 2H; H-32, H-54), 4.14–3.92 (m, 11H; H-22, H-23, H-24, H-31, H-41, H-
42, H-43, H-6a3, H-6a,b4, H-6a5), 3.82–3.77 (m, 3H; H-21, H-6a2, H-6b5),
3.73–3.70 (m, 2H; H-25, H-33), 3.68–3.58 (m, 3H; H-51, H-6b2, H-6b3),
3.50 (dd, Jgem=11.6, Jvic<1.0 Hz, 1H; H-6a


1), 3.42–3.35 (m, 2H; H-52, H-
6b1), 3.17 (m, 1H; H-53), 2.99 (m, 1H; H-55), 2.00, 1.99, 1.94, 1.93, 1.89,
(5Os, 18H; OAc), 1.73 ppm (s, 3H; NAc); 13C NMR (125 MHz,
[D6]DMSO): d=170.1, 169.9, 169.73, 169.68, 169.5, 169.3, 167.1 (C=O),
138.4, 138.3, 138.1, 137.9, 137.8 (C-i Ar), 134.8 (C-4/5 Pht), 130.8, 130.6
(C-1/2 Pht), 128.3–126.3 (C-Ar), 123.4 (C-3/6 Pht), 100.8 (=CH�Ph),
99.7 (JC-1,H-1=163.6 Hz from a coupled HMQC spectrum, C-13b), 99.6
(JC-1,H-1=166.0 Hz, C-1


5b), 98.8 (JC-1,H-1=177.7 Hz, C-1
4a), 96.5 (JC-1,H-1=


172.1 Hz, C-12b), 84.9 (JC-1,H-1=170.2 Hz, C-1
1b), 79.1 (C-33), 77.0 (C-42),


76.8 (C-43), 76.2 (C-31), 76.0 (C-32), 75.7 (C-51), 75.0 (C-41), 74.7 (C-52),
74.0 (C-24), 73.74, 73.66, 72.3 (CH2O), 71.9 (C-3


5), 71.6 (CH2O), 70.9 (C-
55), 70.1 (C-23), 69.6 (C-34), 68.5 (C-45), 68.1 (C-54), 67.9 (C-62), 67.8 (C-
63), 67.5 (C-61), 66.5 (C-53), 65.4 (C-44), 62.1 (C-64), 61.7 (C-65), 56.0 (C-
22), 54.6 (C-21), 52.7 (C-25), 22.4 (NAc), 20.41, 20.35 ppm (OAc); ESI-
MS: m/z : calcd for C95H100N6O33: 1852.6; found: 1853.6 [M+H]+ ; FAB-
MS (NBA): 1854 [M+H]+ .


Azide 6 : A mixture of B (3.0 g, 2.43 mmol), D (4.21 g, 4.85 mmol), and
ground molecular sieves (4 L, 5 g) in freshly distilled CH2Cl2 (70 mL)
was stirred at �20 8C for 30 minutes. Boron trifluoride ethyl etherate
(150 mL, 1.2 mmol) was slowly added over 5 min. After 1.5 h (TLC:
hexane/acetone 1.5:1) the suspension was filtered over celite, and the fil-
trate was washed with KHCO3 (2m). The organic layer was dried over
MgSO4, filtered, and concentrated in vacuo. The crude product was puri-
fied by flash chromatography (hexane/acetone 1.4:1) to afford 6 (3.97 g,
84.2%). Rf=0.1 (hexane/acetone 1.5:1); [a]


23
D =�23.7 (c=0.5, CH2Cl2);


1H NMR (500 MHz, [D6]DMSO): d=8.0–7.73 (m, 12H; Pht), 7.60–7.22
(m, 15H; Ar), 6.96–6.75 (m, 10H; Ar), 5.63 (s, 1H; =CH�Ph), 5.53 (dd,
J2,3=J3,4=10.0 Hz, 1H; H-3


5), 5.29 (d, J1,2=9.5 Hz, 1H; H-1
1b), 5.25 (d,


J1,2=8.4 Hz, 1H; H-1
2b), 5.22 (d, J2,OH=4.4 Hz, 1H; OH-23), 5.03 (dd,


J2,3=3.0, J3,4=9.9 Hz, 1H; H-3
4), 4.95 (d, J1,2=8.4 Hz, 1H; H-1


5b), 4.9–
4.8 (m, 5H; H-14, H-34, H-44, CH2O), 4.60–4.52 (m, 3H; H-1


3, CH2O),
4.43–4.36 (m, 4H; CH2O), 4.3–3.92 (m, 10H; H-3


1, H-41, H-22, H-32, H-
42, H-6a3, H-24, H-54, H-25, H-6a5), 3.90 (dd, J2,3=J3,4=9.5 Hz, 1H; H-
43), 3.82–3.70 (m, 4H; H-21, H-6a2, H-23, H-6b5), 3.64–3.53 (m, 6H; H-51,
H-6b2, H-33, H-6b3, H-6a,b4), 3.49 (dd, Jgem=11.0, Jvic<1.0 Hz, 1H; H-
6a1), 3.40–3.33 (m, 2H; H-6b1, H-52), 3.13 (m, 1H; H-53), 2.66 (m, 1H;
H-55), 2.04, 1.98, 1.95, 1.90, 1.81, 1.80 ppm (6Os, 18H; OAc); 13C NMR
(125 MHz, [D6]DMSO): d =169.9, 169.8, 169.7, 169.2, 168.1, 167.4, 167.2
(C=O), 138.4, 138.2, 138.1, 138.0, 137.8 (C-i Ar), 134.9 (C-4/5 Pht), 130.8,
130.6 (C-1/2 Pht), 128.3–126.6 (C-Ar), 123.4 (C-3/6 Pht), 101.1 (=CH�Ph),
99.7 (C-13b), 97.6 (C-14a), 96.6 (C-12b), 95.5 (C-15b), 84.9 (C-11b), 77.9
(C-33), 77.3 (C-43), 77.1 (C-42), 76.2 (C-31), 75.9 (C-32), 75.7 (C-51), 75.1


(C-41), 74.6 (C-52), 73.8, 73.6 (CH2O), 73.0 (C-2
4), 72.4, 71.6 (CH2O), 70.9


(C-55), 69.9 (C-23), 69.5 (C-35), 69.1 (C-34), 68.3 (C-45), 67.8 (C-62, C-63),
67.7 (C-54), 67.6 (C-61), 66.2 (C-53), 65.2 (C-44), 62.1 (C-64), 61.2 (C-65),
56.0 (C-22), 54.7 (C-21), 53.7 (C-25), 20.4, 20.3, 20.1 ppm (OAc); ESI-MS:
m/z : calcd for C101H100N6O34: 1940.6; found: 1959.4 [M+H3O]


+ ; FAB-MS
(NBA): 1964 [M+Na]+ ; elemental analysis calcd (%) for C101H100N6O34
(1941.92): C 62.47, H 5.19, N 4.33; found: C 62.11, H 5.11, N 4.62.


Azide 7: Compound 5 (190 mg, 102 mmol) was dissolved in acetic acid
(80%, 5 mL), and the system was stirred for 90 minutes at 70 8C (TLC:
hexane/acetone 1:1.5). The reaction mixture was concentrated in vacuo
and co-distilled with toluene (2O5 mL). The residue was purified by flash
chromatography (hexane/acetone 1:1.3) to afford 7 (127 mg, 70.2%). Rf=
0.3 (hexane/acetone 1:1.5); [a]23D =++7.1 (c=0.5, CH2Cl2);


1H NMR
(500 MHz, [D6]DMSO): d=7.95–7.69 (m, 9H; NH, Pht), 7.38–7.22 (m,
10H; Ar), 6.97–6.77 (m, 10H; Ar), 5.28 (d, J1,2=9.5 Hz, 1H; H-1


1b), 5.23
(d, J1,2=8.2 Hz, 1H; H-1


2b), 5.20 (d, J4,OH=4.3 Hz, 1H; OH-43), 5.11 (d,
J1,2<1.0 Hz, 1H; H-1


4), 5.06–5.00 (m, 3H; H-34, H-44, H-35), 4.90–4.80
(m, 3H; CH2O, H-4


5), 4.78 (d, J2,OH=5.1 Hz, 1H; OH-23), 4.58–4.52 (m,
4H; CH2O, H-1


3, H-15), 4.48 (d, Jgem=12.4 Hz, 1H; CH2O), 4.42–4.37 (m,
3H; CH2O), 4.25–3.72 (m, 12H; H-2


2, H-24, H-31, H-32, H-41, H-42, H-54,
H-6a,b4, H-6a,b5, OH-63), 3.85–3.77 (m, 4H; H-21, H-23, H-25, H-6a2),
3.75–3.63 (m, 2H, H-55, H-6a3), 3.62–3.55 (m, 3H; H-43, H-51, H-6b2),
3.51–3.45 (m, 2H; H-6a1, H-6b3), 3.40–3.30 (m, 3H; H-33, H-52, H-6b1),
3.06 (m, 1H; H-53), 2.01, 1.972, 1.967, 1.93, (4Os, 18H; OAc), 1.74 ppm
(s, 3H; NAc); 13C NMR (125 MHz, [D6]DMSO): d=170.1, 169.7, 169.5,
169.3, 169.2, 167.1 (C=O), 138.7, 138.2, 138.0 (C-i Ar), 134.8 (C-4/5 Pht),
130.8, 130.6 (C-1/2 Pht), 128.3–126.8 (C-Ar), 123.4 (C-3/6 Pht), 100.8
(=CH�Ph), 99.9 (C-15), 99.5 (C-14), 99.4 (C-13), 96.6 (C-12), 84.8 (C-11),
82.7 (C-33), 77.1 (C-53), 76.9 (C-42), 76.4 (C-32), 76.2 (C-31), 75.7 (C-51),
75.0 (C-41), 74.8 (C-52), 74.2 (C-24), 73.8, 73.7, 72.4 (CH2O), 72.2 (C-3


5),
71.6 (CH2O), 70.8 (C-5


5), 69.8 (C-34), 69.7 (C-23), 68.6 (C-45), 67.9 (C-44,
C-62), 67.6 (C-61), 65.5 (C-44), 65.3 (C-43), 62.2 (C-64), 62.0 (C-65), 61.2
(C-63), 56.0 (C-22), 54.6 (C-21), 52.5 (C-25), 22.5 (NAc), 20.5, 20.4 ppm
(OAc); ESI-MS: m/z : calcd for C88H96N6O33: 1764.6; found: 1765.7
[M+H]+ ; FAB-MS (NBA): 1766 [M+H]+ .


Azide 8 : Compound 6 (3.9 g, 2 mmol) was suspended in pyridine/acetic
anhydride (15 mL, 2:1), and the system was stirred for 16 h at room tem-
perature. The solution was concentrated in vacuo, and the residue was
co-distilled with toluene (3O15 mL). The acetylated pentasaccharide was
dissolved in acetonitrile (40 mL) and treated with a solution of p-toluene-
sulfonic acid monohydrate (1 g) in acetonitrile (40 mL). After 2 h the re-
action mixture was neutralized with pyridine and concentrated in vacuo.
The residue was diluted with CH2Cl2 (300 mL), washed with HCl (1m, 3O)
and KHCO3 (2m), dried over MgSO4, filtered, and concentrated in
vacuo. The crude product was purified by flash chromatography (hexane/
acetone 1.5:1) to afford 8 (3.18 g, 83.5%). Rf=0.33 (hexane/acetone 2:1);
[a]23D =�11.6 (c=0.5, CH2Cl2);


1H NMR (500 MHz, [D6]DMSO): d=


7.93–7.73 (m, 12H; Pht), 7.30–7.10 (m, 10H; Ar), 6.96–6.76 (m, 10H;
Ar), 5.67 (dd, J2,3=10.5 Hz, J3,4=9.3 Hz, 1H; H-3


5), 5.45 (d, J4,OH=


5.7 Hz, 1H; OH-43), 5.32 (d, J1,2=8.5 Hz, 1H; H-1
5b), 5.27 (d, J1,2=


9.5 Hz, 1H; H-11b), 5.20 (d, J1,2=8.4 Hz, 1H; H-1
2b), 5.14 (dd, J2,3=


3.0 Hz, J1,2<1.0 Hz; H-2
3), 5.03 (dd, J3,4=J4,5=9.6 Hz, 1H; H-4


5), 4.97
(dd, J3,4=J4,5=10.2 Hz, 1H; H-4


4), 4.91 (d, J1,2<1.0 Hz, 1H; H-1
4), 4.90


(d, Jgem=12.0 Hz, 1H; CH2O), 4.78 (d, Jgem=12.3 Hz, 1H; CH2O), 4.75
(dd, J2,3=3.0 Hz, J3,4=10.4 Hz, 1H; H-3


4), 4.70 (d, J1,2<1.0 Hz, 1H; H-
13), 4.50 (2Od, Jgem=12.3 Hz, 2H; CH2O), 4.45 (t, J6,OH=5.3 Hz, 1H;
OH-63), 4.39–4.35 (m, 3H; CH2O), 4.30 (d, Jgem=12.0 Hz, 1H; CH2O),
4.27–4.20 (m, 2H; H-24, H-6a5), 4.16 (dd, 1H; H-25), 4.13 (dd, J2,3=
10.4 Hz, J3,4=8.8 Hz, 1H; H-3


2), 4.10–3.94 (m, 5H; H-31, H-41, H-22, H-
42, H-6b5), 3.90 (m, 1H; H-55), 3.82–3.75 (m, 2H; H-54, H-21), 3.73–3.63
(m, 4H; H-6a2, H-6a3, H-6a,b4), 3.60–3.44 (m, 6H; H-51, H-6a1, H-6b2,
H-33, H-43, H-6b3), 3.37 (m, 1H; H-6b1), 3.27 (m, 1H; H-52), 3.08 (m,
1H; H-53), 2.04, 1.99, 1.98, 1.94, 1.93, 1.88, 1.79 ppm (7Os, 21H; OAc);
13C NMR (125 MHz, [D6]DMSO): d =170.0, 169.82, 169.77, 169.65,
169.53, 169.21, 169.14, 168.0, 167.3, 167.0 (C=O), 138.3, 138.1, 138.0, 137.9
(C-i Ar), 134.7 (C-4/5 Pht), 130.5 (C-1/2 Pht), 128.2–126.2 (C-Ar), 123.4
(C-3/6 Pht), 97.5 (C-14a), 97.1 (C-13b), 96.4 (C-12b), 96.0 (C-15b), 84.8 (C-
11b), 76.6 (C-32), 76.53 (C-42), 76.45 (C-53), 76.2 (C-31), 75.9 (C-33), 75.6
(C-51), 75.0 (C-41), 74.3 (C-52), 73.8, 73.7 (CH2O), 73.4 (C-2


4), 72.1, 71.7
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(CH2O), 71.0 (C-5
5), 70.5 (C-23), 69.7 (C-35), 69.1 (C-34), 68.6 (C-45), 68.0


(C-44), 67.7 (C-62), 67.6 (C-61), 66.8 (C-43), 64.6 (C-44), 61.8 (C-65), 61.7
(C-64), 60.4 (C-63), 55.9 (C-22), 54.6 (C-21), 53.6 (C-25), 20.5, 20.3, 20.1,
20.0 ppm (OAc); ESI-MS: m/z : calcd for C96H98N6O35: 1894.61; found:
1914.16 [M+H3O]


+ ; FAB-MS (NBA): 1913 [M+H3O]
+ ; elemental analy-


sis calcd (%) for C96H98N6O35 (1895.85): C 60.82, H 5.21, N 4.43; found:
C 60.78, H 5.27, N 4.42.


Heptasaccharide 9 and nonasaccharide 10 : A mixture of 7 (120 mg,
66 mmol), C (100 mg, 128 mmol), and ground molecular sieves (4 L,
300 mg) in freshly distilled CH2Cl2 (2 mL) was stirred at room tempera-
ture for 30 minutes. Boron trifluoride ethyl etherate (10 mL, 81 mmol) was
slowly added over 5 minutes. After 3 h the suspension was filtered over
celite, and the filtrate was washed with KHCO3 (2m). The organic layer
was dried over MgSO4, filtered, and concentrated in vacuo. The crude
product was purified by flash chromatography (hexane/ethyl acetate/
methanol 33:100:1!20:100:1) to afford heptasaccharide 9 (31.4 mg,
19.4%), nonasaccharide 10 (32 mg, 15.7%), and recovered acceptor 7
(66 mg, 55%).


Compound 9 : Rf=0.21 (ethyl acetate/methanol 100:1); [a]
23
D =++2.1 (c=


0.1, CH2Cl2);
1H NMR (360 MHz, [D6]DMSO): d=7.96 (d, J2,NH=9.5 Hz,


1H; NH5), 7.91–7.61 (m, 9H; NH5’, Pht), 7.38–7.16 (m, 10H; Ar), 7.01–
6.65 (m, 10H; Ar), 5.41 (d, J4,OH=3.6 Hz, 1H; OH-43), 5.28 (d, J1,2=
9.7 Hz, 1H; H-11), 5.16 (d, J1,2=9.2 Hz, 1H; H-1


2), 5.13–4.74 (m, 12H;
H-44’, H-14, H-35, H-44, H-34, OH-23, H-34’, H-35’, H-14’, H-45, CH2O, H-
45’), 4.74 (d, Jgem=12.7 Hz, 1H; CH2O), 4.63–4.51 (m, 5H; CH2O, H-1


5,
CH2O, H-1


3, CH2O), 4.47 (d, J1,2=9.4 Hz, 1H; H-1
5’), 4.41–4.26 (m, 4H;


CH2O, CH2O, CH2O, H-2
4), 4.22–3.89 (m, 15H; H-54, H-6a5, H-32, H-31,


H-41, H-24’, H-6a4, H-6a5’, H-6a4’, H-22, H-42, H-6b4, H-6b4’, H-6b5, H-
54’), 3.88–3.65 (m, 10H; H-23, H-25, H-21, H-25’, H-6a2, H-6b5’, H-53, H-55,
H-6a3, H-6b3), 3.61–3.21 (m, 8H; H-51, H-55’, H-43, H-6b2, H-6a1, H-52,
H-33, H-6b1), 2.06–1.84 (m, 36H; OAc), 1.75 (s, 3H; NAc), 1.70 ppm (s,
3H; NAc); 13C NMR (90 MHz, [D6]DMSO): d=169.8, 169.5, 169.4,
167.5, 167.4 (C=O), 138.2, 138.1 (C-i Ar), 134.9, 134.8 (C-4/5 Pht), 130.9,
130.8, 130.6 (C-1/2 Pht), 128.6, 128.2, 127.7, 127.4, 127.3, 127.0, 126.7 (C-
Ar), 123.4, 123.3 (C-3/6 Pht), 99.9 (C-15’), 99.6 (C-15), 99.4 (C-14), 98.3
(C-13), 96.7 (C-14’), 96.7 (C-12), 84.4 (C-11), 82.6 (C-33), 76.4 (C-31), 76.3
(C-42), 75.3 (C-51), 75.2 (C-32), 74.9 (C-41), 74.6 (C-52), 74.5 (C-24’), 73.8
(C-24), 73.6 (CH2O), 72.9 (CH2O), 72.2 (CH2O), 72.0 (C-3


5’), 71.9 (C-35),
71.2 (CH2O), 70.5 (C-5


3), 70.5 (C-55), 70.3 (C-55’), 69.8 (C-34’), 69.5 (C-34),
69.1 (C-23), 68.4 (C-45), 68.1 (C-45’), 67.9 (C-43), 67.8 (C-62), 67.7 (C-44),
67.5 (C-54’), 67.4 (C-63), 67.2 (C-61), 65.2 (C-44), 64.5 (C-44’), 62.0 (C-64),
61.9 (C-64’), 61.8 (C-65), 61.4 (C-65’), 55.6 (C-22), 54.3 (C-21), 52.3 (C-25),
52.1 (C-25’), 20.5, 20.4, 20.3, 20.2 ppm (NAc, OAc); ESI-MS: m/z : calcd
for C114H131N7O49: 2381.8; found: 2405.3 [M+Na]+ , 2421.3 [M+K]+ .


Compound 10 : Rf=0.11 (ethyl acetate/methanol 100:1); [a]
23
D =++0.8 (c=


0.5, CH2Cl2);
1H NMR (500 MHz, [D6]DMSO): d=7.95–7.63 (m, 10H;


NH5, NH5*, Pht), 7.40–6.68 (m, 21H; NH5’, Ar), 5.30 (m, 2H; H-11, OH-
23), 5.18–5.05 (m, 6H; H-12, H-14, H-34’, H-44, H-44’, H-44*), 5.03–4.85 (m,
10H; H-14’, H-14*, H-34, H-34*, H-35, H-35’, H-35*, CH2O, H-4


5, H-45*), 4.80
(dd, J3,4=J4,5=9.6 Hz, 1H; H-4


5’), 4.74 (d, Jgem=13.4 Hz, 1H; CH2O),
4.68 (d, J1,2=8.4 Hz, 1H; H-1


5), 4.64 (d, Jgem=13.4 Hz, 1H; CH2O), 4.61–
4.55 (m, 4H; CH2O, H-1


3, H-6a4), 4.47 (d, J1,2=8.2 Hz, 1H; H-1
5’), 4.40–


4.31 (m, 5H; H-15*, H-54, CH2O), 4.30–4.20 (m, 4H; H-3
2, H-6a4, H-6a5,


H-6a5*), 4.20–3.60 (m, 29H; H-21, H-22, H-23, H-24, H-24’, H-24*, H-25, H-
25’, H-25*, H-31, H-41, H-42, H-43, H-54’, H-54*, H-55, H-55’, H-55*, H-6a2,
H-6a,b3, H-6b4, H-6a,b4’, H-6b4*, H-6b5, H-6a,b5’, H-6b5*), 3.59–3.52 (m,
3H; H-33, H-51, H-6b2), 3.47–3.36 (m, 3H; H-52, H-53, H-6a1), 3.26 (m,
1H; H-6b1), 2.18–1.64 ppm (m, 63H; OAc, NAc); 13C NMR (125 MHz,
[D6]DMSO): d=170.1, 170.0, 169.8, 169.4, 169.1, 169.0, 167.0 (C=O),
138.9, 138.3, 138.2 (C-i Ar), 134.8, 134.7 (C-4/5 Pht), 130.8, 130.6 (C-1/
2 Pht), 128.2–126.6 (C-Ar), 123.4 (C-3/6 Pht), 102.5 (C-15*), 101.0 (C-15),
100.0 (C-15’, C-14*), 99.7 (C-14), 97.9 (C-13), 97.4 (C-14’), 97.0 (C-12), 84.8
(C-11), 82.7 (C-33), 77.3 (C-43), 77.0 (C-24*), 76.8 (C-42, C-31), 75.8 (C-24),
75.6 (C-51), 75.4 (C-32), 75.2 (C-41), 74.7 (C-52), 74.5 (C-53, C-24’), 74.2,
73.3 (CH2O), 72.4 (CH2O, C-3


5, C-35*), 71.8 (C-35’), 71.3 (CH2O), 70.6 (C-
55, C-55’, C-55*), 70.1 (C-34’), 69.9 (C-34), 69.6 (C-34*), 69.3 (C-23), 68.3 (C-
45’), 68.1 (C-44), 68.0 (C-45, C-62, C-54*), 67.9 (C-54’), 67.8 (C-45*, C-63),
67.4 (C-61), 65.1 (C-44), 64.9 (C-44*), 64.8 (C-44’), 62.1 (C-64’), 61.9 (C-64),


61.7 (C-65’), 61.5 (C-65), 61.2 (C-65*), 60.8 (C-64*), 55.6 (C-22), 54.7 (C-21),
52.6 (C-25), 52.5 (C-25’), 52.4 (C-25*), 22.3, 22.2 (NAc), 20.6, 20.5, 20.4,
20.0 ppm (OAc); FAB-MS (NBA): m/z : calcd for C140H166N8O65: 2999.0;
found: 3001.1 [M+H]+ , 3023.8 [M+Na]+.


Azide 11: A mixture of 7 (60 mg, 34 mmol), D (33 mg, 38 mmol), and
ground molecular sieves (4 L, 100 mg) in freshly distilled CH2Cl2
(10 mL) was stirred at �40 8C for 30 min. Boron trifluoride ethyl etherate
(50 mL, 407 mmol) was slowly added over 5 min, and the solution was al-
lowed to warm up to �25 8C within 1 h. After disappearance of the
donor (TLC: hexane/ethyl acetate 1:3) the suspension was filtered over
celite, and the filtrate was washed with KHCO3 (2m). The organic layer
was dried over MgSO4, filtered, and concentrated in vacuo. The crude
product was purified by flash chromatography (hexane/ethyl acetate/
methanol 20:100:1) to afford 11 (48 mg, 57.2%). Rf=0.23 (hexane/ethyl
acetate/methanol 20:100:1); [a]23D =�2.4 (c=0.5, CH2Cl2);


1H NMR
(500 MHz, [D6]DMSO): d=7.92 (d, J2,NH=9.3 Hz, 1H; NH), 7.90–7.62
(m, 12H; Pht), 7.36–7.19 (m, 10H; Ar), 6.92–6.65 (m, 10H; Ar), 5.59 (dd,
J2,3=10.5 Hz, J3,4=9.5 Hz, 1H; H-3


5’), 5.38 (d, J1,2=8.5 Hz, 1H; H-1
5’b),


5.34 (d, JOH,4=4.1 Hz, 1H; OH-4
3), 5.28 (d, J1,2=9.5 Hz, 1H; H-1


1b), 5.16
(d, J1,2=8.4 Hz, 1H; H-1


2b), 5.08 (d, J1,2<1.0 Hz, 1H; H-1
4), 5.07–4.83


(m, 9H; H-34, H-34’, H-35, H-44, H-44’, H-45, H-45’, CH2O, OH-2
3), 4.65 (d,


Jgem=13.0 Hz, 1H; CH2O), 4.58 (d, J1,2=8.5 Hz, 1H; H-1
5b), 4.56–4.48


(m, 4H; H-13, CH2O), 4.39 (d, J1,2<1.0 Hz, 1H; H-1
4’), 4.35–4.26 (m, 3H;


CH2O), 4.25 (m, 1H; H-2
4), 4.18–3.92 (m, 13H; H-22, H-24’, H-25’, H-31,


H-32, H-41, H-42, H-54, H-6ab4, H-6ab5, H-6a5’), 3.85–3.70 (m, 8H; H-21,
H-23, H-25, H-54’, H-55, H-55’, H-6a2, H-6b5’), 3.62–3.56 (m, 2H; H-6a4’,
H-51), 3.55–3.21 (m, 10H; H-33, H-43, H-52, H-53, H-6ab1, H-6b2, H-6ab3,
H-6b4’), 2.01, 2.00, 1.98, 1.97, 1.96, 1.94, 1.93 (7Os, 27H; OAc), 1.79, 1.78,
1.77, 1.75 ppm (4Os, 12H; NAc, OAc); 13C NMR (125 MHz,
[D6]DMSO): d=170.1, 170.0, 169.8, 169.5, 169.4, 169.3, 169.2, 167.8, 167.1
(C=O), 138.5, 138.2, 138.1 (C-i Ar), 134.8, 134.7 (C-4/5 Pht), 130.8, 130.5
(C-1/2 Pht), 128.2–126.7 (C-Ar), 123.4 (C-3/6 Pht), 99.9 (JC-1,H-1=162.7 Hz
from a coupled HMQC spectrum, C-15b), 99.6 (JC-1,H-1=175.6 Hz from a
coupled HMQC spectrum, C-14a), 98.7 (JC-1,H-1=158.4 Hz from a coupled
HMQC spectrum, C-13b), 96.9 (JC-1,H-1=165.7 Hz from a coupled HMQC
spectrum, C-12b and JC-1,H-1=172.1 Hz from a coupled HMQC spectrum,
C-14’a), 95.9 (JC-1,H-1=167.4 Hz from a coupled HMQC spectrum, C-1


5’b),
84.8 (JC-1,H-1=167.0 Hz from a coupled HMQC spectrum, C-1


1b), 76.8 (C-
31), 76.6 (C-42), 75.6 (C-51), 75.5 (C-32), 75.2 (C-41), 74.8 (C-52), 74.7 (C-
53), 74.2 (C-24), 73.9 (CH2O), 73.6 (C-2


4’), 73.2, 72.5 (CH2O), 72.2 (C-3
5),


71.4 (CH2O), 70.8 (C-5
5, C-55’), 69.8 (C-33, C-34, C-34’, C-35’), 69.4 (C-23),


68.6 (C-45), 68.5 (C-45’), 68.0 (C-62), 67.9 (C-44), 67.8 (C-63), 67.4 (C-54’,
C-61), 65.5 (C-44, C-43), 64.5 (C-44’), 62.3 (C-64), 62.0 (C-65), 61.8 (C-64’),
61.5 (C-65’), 55.8 (C-22), 54.6 (C-21), 53.8 (C-25’), 52.6 (C-25), 22.6 (NAc),
20.6, 20.5, 20.4, 20.3, 20.1 ppm (OAc); FAB-MS (NBA): m/z : calcd for
C120H131N7O50: 2469.8; found: 2495 [M+Na]+ .


Azide 12 : A mixture of 8 (900 mg, 475 mmol), D (620 mg, 712 mmol), and
ground molecular sieves (4 L, 1.5 g) in freshly distilled CH2Cl2 (120 mL)
was stirred at �45 8C for 30 min. Boron trifluoride ethyl etherate (33 mL,
268 mmol) was slowly added over 5 minutes. After 2 h (TLC: hexane/ace-
tone 1:1) the suspension was filtered over celite and the filtrate was
washed with KHCO3 (2m). The organic layer was dried over MgSO4, fil-
tered, and concentrated in vacuo. The crude product was purified by
flash chromatography (hexane/acetone 1.2:1!1.1:1) to afford 12 (905 mg,
73.3%); Rf=0.25 (hexane/acetone 1:1); [a]


23
D =�7.5 (c=0.5, CH2Cl2);


1H NMR (500 MHz, [D6]DMSO): d=7.97–7.73 (m, 16H; Pht), 7.30–7.10
(m, 10H; Ar), 6.90–6.70 (m, 10H; Ar), 5.69 (dd, J2,3=10.5, J3,4=9.5 Hz,
1H; H-35), 5.60–5.45 (m, 2H; H-35’, OH-43), 5.32 (d, J1,2=8.5 Hz, 1H; H-
15b), 5.28–5.23 (m, 2H; H-11b, H-15’b), 5.16–5.12 (m, 2H; H-12, H-23),
5.03 (dd, J3,4=J4,5=9.5 Hz, 1H; H-4


5), 5.00–4.90 (m, 4H; H-34’, H-44, H-
44’, H-45’), 4.87–4.82 (m, 2H; H-14, CH2O), 4.73 (dd, J2,3=2.8, J3,4=
10.4 Hz, 1H; H-34), 4.66–4.61 (m, 2H; H-13, CH2O), 4.47 (2Od, Jgem=


12.1 Hz, 2H; CH2O), 4.40 (d, Jgem=12.6 Hz, 1H; CH2O), 4.37 (d, J1,2<
1.0 Hz, 1H; H-14’), 4.35–4.29 (m, 3H; CH2O), 4.28–4.21 (m, 2H; H-2


4, H-
6a5), 4.17 (dd, 1H; H-25), 4.12–3.87 (m, 10H; H-22, H-24’, H-25’, H-31, H-
32, H-41, H-42, H-55, H-6b5, H-6a5’), 3.81 (m, 1H; H-54), 3.78–3.43 (m,
14H; H-21, H-33, H-43, H-51, H-54’, H-55’, H-6a,b2, H-6a,b3, H-6a,b4, H-
6a4’, H-6b5’), 3.41–3.37 (m, 2H; H-6a1, H-6b4’), 3.27–3.22 (m, 3H; H-52,
H-53, H-6b1), 2.07, 2.03, 1.994, 1.987, 1.975, 1.970, 1.93, 1.92, 1.90, 1.82,
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1.80, 1.79 ppm (12Os, 39H; OAc); 13C NMR (125 MHz, [D6]DMSO): d=


170.0, 169.8, 169.6, 169.4, 169.22, 169.14, 169.07, 168.0, 167.8, 167.1 (C=


O), 138.2, 138.09, 138.06, 137.97 (C-i Ar), 134.8, 134.7 (C-4/5 Pht), 130.6,
130.5 (C-1/2 Pht), 128.1–127.0 (C-Ar), 123.4 (C-3/6 Pht), 97.7 (JC-1,H-1=
175.1 Hz from a coupled HMQC spectrum, C-14’a), 97.1 (JC-1,H-1=
172.6 Hz from a coupled HMQC spectrum, C-14a), 96.8 (JC-1,H-1=
162.8 Hz from a coupled HMQC spectrum, C-13b), 96.7 (JC-1,H-1=
170.2 Hz from a coupled HMQC spectrum, C-12b), 96.1 (JC-1,H-1=
167.7 Hz from a coupled HMQC spectrum, C-15b and JC-1,H-1=167.7 Hz
from a coupled HMQC spectrum, C-15’b), 84.7 (JC-1,H-1=167.7 Hz from a
coupled HMQC spectrum, C-11b), 77.0 (C-42), 76.6 (C-31), 75.7 (C-32, C-
33), 75.6 (C-51), 75.2 (C-41), 74.3 (C-52), 74.1 (C-53), 73.9 (CH2O), 73.7
(CH2O), 73.8 (C-2


4’), 73.5 (CH2O, C-2
4), 72.3, 71.6 (CH2O), 71.0 (C-5


5),
70.7 (C-55’), 70.4 (C-23), 69.7 (C-34’, C-35, C-35’), 69.0 (C-34), 68.6 (C-45),
68.3 (C-45’), 68.1 (C-44), 67.7 (C-62), 67.5 (C-54’, C-61), 67.2 (C-63), 66.9
(C-43), 64.6 (C-44), 64.3 (C-44’), 61.8 (C-65), 61.7 (C-64), 61.6 (C-64’), 61.4
(C-65’), 55.7 (C-22), 54.5 (C-21), 53.8 (C-25’), 53.7 (C-25), 20.5, 20.4, 20.33,
20.29, 20.25, 20.19, 20.1, 20.0 ppm (OAc); ESI-MS: m/z : calcd for
C128H133N7O52: 2559.8; found: 2623.4 [M+Na]+ ; FAB-MS (NBA): 2623.3
[M+Na]+ ; elemental analysis calcd (%) for C128H133N7O52 (2601.47): C
59.10, H 5.15, N 3.77; found: C 59.20, H 5.38, N 3.51.


Azide 13


Starting from heptasaccharide 12 : A mixture of donor D (23 mg,
26.5 mmol), acceptor 12 (32 mg, 12.3 mmol), and ground molecular sieves
(4 L, 55 mg) in freshly distilled CH2Cl2 (for concentrations see Table 2)
was stirred at �20 8C for 20 minutes. Boron trifluoride ethyl etherate
(3.25 mL, 6.63 mmol in 35 mL CH2Cl2) was slowly added over 10 minutes,
and the solution was allowed to reach room temperature. After 21 h the
reaction mixture was checked by TLC (TLC: CH2Cl2/MeOH 50:1;
hexane/acetone 1:1) and LC-MS (Table 2). Analytical HPLC conditions
for LC-MS; column: YMC-Pack Pro C4 S-3 mm (50O2.1 mm); solvent
system: eluent A, water (0.1% formic acid); eluent B, acetonitrile (0.1%
formic acid), linear gradient: 50% B for 5 minutes, 50–95% B for 25 mi-
nutes, flow rate: 200 mLmin�1, diode array UV detection: 215–275 nm.
To obtain a pure sample of 13, the products of several reactions were
combined and purified by flash chromatography (hexane/acetone 1.2:1!
1.1:1). Rf=0.20 (hexane/acetone 1:1); [a]23D =�6.1 (c=1.4, CH2Cl2);
1H NMR (360 MHz, [D6]DMSO): d=7.98–7.54 (m, 20H; Pht), 7.45–7.16
(m, 10H; Ar), 6.94–6.49 (m, 10H; Ar), 7.74–7.64 (m, 2H; H-35*, H-35),
5.58–5.40 (m, 3H; H-15*, H-35’, H-15), 5.29 (d, J1,2=9.5 Hz, 1H; H-1


1),
5.21–4.78 (m, 13H; H-15’, H-12, H-45, H-44, H-44*, H-45*, H-23, H-44’, H-
34*, H-45’, CH2O, H-3


4’, H-34), 4.68–4.45 (m, 6H; CH2O, H-1
3, CH2O, H-


14, CH2O, H-1
4’), 4.39–4.15 (m, 10H; H-6a5*, CH2O, H-1


4*, CH2O, CH2O,
H-25, H-25*, H-6a5, H-24), 4.14–3.93 (m, 14H; H-24’, H-31, H-24*, H-25’, H-
6b5*, H-32, H-55*, H-6b5, H-22, H-55, H-41, H-42, H-55’, H-33), 3.92–3.51
(m, 16H; H-43, H-6a2, H-21, H-6a4’, H-6a4, H-6a3, H-6b3, H-6b4’, H-6b4,
H-6a5’, H-54’, H-54, H-54*, H-6a4*, H-51, H-6b2), 3.49–3.20 (m, 6H; H-6b5’,
H-6b4*, H-6a1, H-53, H-52, H-6b1), 2.14–1.72 ppm (m, 57H; OAc);
13C NMR (90 MHz, [D6]DMSO): d=170.0, 169.9, 169.6, 169.5, 169.1,
169.0, 168.7, 167.8, 167.1 (C=O), 138.3, 138.1, 138.0, 137.8 (C-i, Ar),
135.0, 134.7 (C-4/5 Pht), 130.7, 130.5 (C-1/2 Pht), 128.2, 127.9, 127.8,
127.6, 127.3, 127.2, 127.1, 127.0 (C-Ar), 123.4 (C-3/6 Pht), 98.6 (1JC-1,H-1=
174.3 Hz from a coupled HSQC spectrum, C-14a), 98.3 (1JC-1,H-1=
177.3 Hz from a coupled HSQC spectrum; C-14’a), 96.9 (1JC-1,H-1=
174.3 Hz from a coupled HSQC spectrum; C-14*a), 96.5 (1JC-1,H-1=
165.1 Hz from a coupled HSQC spectrum; C-13b), 96.5 (1JC-1,H-1=
165.3 Hz from a coupled HSQC spectrum; C-12b), 96.2 (1JC-1,H-1=
166.2 Hz from a coupled HSQC spectrum; C-15*b), 95.8 (1JC-1,H-1=
166.2 Hz from a coupled HSQC spectrum; C-15b), 95.8 (1JC-1,H-1=
168.2 Hz from a coupled HSQC spectrum; C-15’b), 84.4 (1JC-1,H-1=
167.5 Hz from a coupled HSQC spectrum; C-11b), 77.3 (C-43), 76.4 (C-
31), 75.4 (C-32), 75.4 (C-33), 75.4 (C-42), 75.4 (C-51), 75.0 (C-41), 74.1 (C-
53), 74.1 (C-52), 73.6 (CH2O), 73.5 (C-2


4), 73.5 (C-24’), 73.3 (C-24*), 73.3
(CH2O), 72.1 (CH2O), 71.4 (CH2O), 70.9 (C-5


5’), 70.9 (C-55), 70.9 (C-55*),
69.4 (C-35), 69.4 (C-35*), 69.4 (C-35’), 69.4 (C-23), 69.4 (C-34*), 68.9 (C-34),
68.0 (C-45), 68.0 (C-45*), 68.0 (C-45’), 68.0 (C-54’), 68.0 (C-63), 67.6 (C-62),
67.6 (C-54), 67.6 (C-54*), 67.1 (C-61), 65.4 (C-34’), 63.9 (C-44), 63.9 (C-44’),
63.9 (C-44*), 61.6 (C-64), 61.2 (C-64’), 61.2 (C-64*), 61.2 (C-65), 61.2 (C-65*),
60.8 (C-65’), 55.3 (C-22), 54.3 (C-21), 53.6 (C-25*), 53.6 (C-25’), 53.6 (C-25),


20.5, 19.9 ppm (OAc); ESI-MS: m/z : calcd for C160H168N8O69: 3305.0;
found: 3300.7 [M+Na-N2]


+ , 3324.5 [M+H3O]
+ , 3328.3 [M+Na]+ .
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Synthesis, Self-Assembling Properties, and Atom Transfer Radical
Polymerization of an Alkylated l-Phenylalanine-Derived Monomeric
Organogel from Silica: A New Approach To Prepare Packing Materials for
High-Performance Liquid Chromatography


M. Mizanur Rahman, Mikl0s Czaun, Makoto Takafuji, and Hirotaka Ihara*[a]


Introduction


In recent years, there has been renewed interest in synthetic
polypeptides because of their potential application as biode-
gradable and biomedical polymers,[1] as well as their ability
to form highly ordered hierarchical structures through non-
covalent forces such as hydrogen bonding.[2] Incorporation
of a high degree of amino acid functionality and chirality in
polymer chains can enhance the potential to form secondary
structures (a helix and b sheet) and higher-ordered struc-
tures.[3] These synthetic polymers can be useful as chiral rec-
ognition stationary phases for HPLC,[4] metal-ion absorb-
ents,[5] drug-delivery agents,[6] and biocompatible materials.[7]


Such characteristic self-assembled structures and the poten-
tial applications of polymers derived from amino acids have
attracted researchers to develop new synthetic routes to pre-
pare a wide variety of amino acid based polymers by using
various polymerization techniques.[8]


In principle, the formation of polymer-grafted inorganic
particles can be approached in two ways. 1) The “grafting
to” technique[9] consists of the synthesis of end-functional-
ized polymers followed by the immobilization of these poly-
mers onto the surface through anchoring groups. The “graft-
ing to” method is experimentally simple but it has a limita-
tion, namely the difficulty in achieving high grafting density
because of the steric crowding of the surface by the already
grafted polymers.[10] 2) On the contrary, in surface-initiated
polymerization (“grafting from”) polymer chains grow in
situ from initiator molecules that have been pregrafted to
the surface of inorganic particles.[11] The “grafting from” ap-
proach is considered to give higher densities because only
monomer molecules have to diffuse to the active species.


“Living”/controlled radical polymerization (CRP) meth-
ods, such as nitroxide-mediated polymerization (NMP),
atom transfer radical polymerization (ATRP), reversible ad-


Abstract: The monomer N’-octadecyl-
Na-(4-vinyl)-benzoyl-l-phenylalaninea-
mide (4) based on l-phenylalanine has
been simply but effectively synthesized,
and its self-assembling properties have
been investigated. FTIR and a varia-
ble-temperature 1H NMR spectroscopic
investigation demonstrated that the ag-
gregation of compound 4 in various or-
ganic solvents is due to the formation
of intermolecular hydrogen bonds
among the amide moieties. UV/Vis
measurements indicated that the multi-
ple p–p interactions of the phenyl


groups also contribute to the self-as-
sembly. As was observed by 13C cross-
polarization magic-angle spinning (CP/
MAS) NMR and variable-temperature
1H NMR measurements, the ordered
alkyl chains also played an important
role in the molecular aggregation by
van der Waals interactions. Compound
4 was polymerized by surface-initiated


atom transfer radical polymerization
from porous silica gel to prepare a
packing material for HPLC. The results
of thermogravimetric analysis showed
that a relatively large amount of poly-
mer was grafted onto the silica surface.
The organic phase on silica was in a
noncrystalline solid form in which the
long alkyl chain exists in a less-ordered
gauche conformation. Analysis of chro-
matographic performance for polyaro-
matic hydrocarbon samples showed
higher selectivity than conventional re-
versed-phase HPLC packing materials.
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dition–fragmentation chain transfer (RAFT) polymerization,
living anionic polymerization (LAP), and living cationic
polymerization (LCP), provide an ability to produce particu-
lar polymer architectures with controlled molecular weight
and molecular weight distributions.[12] The major difference
between the conventional radical polymerization techniques
and CRP is the lifetime of the propagating radicals. While
radicals derived from the thermal decomposition of conven-
tional radical polymerization initiators (azobisisobutyroni-
trile type) may undergo termination reactions within a few
seconds, the lifetime of the propagating radicals can be ex-
tended to several hours in controlled processes.[13] Among
the CRP processes, increasing attention has been paid to
ATRP since its discovery by Matyjaszewski and Sawamo-
to,[14] because this method does not require rigorous experi-
mental conditions like LAP or LCP.


The reaction between the activator complex (often CuBr-
chelated by N-donor ligands) and the dormant initiator re-
sults in the formation of a propagating radical and deactiva-
tor complex by a reversible halogen-atom transfer reaction
(Scheme 1). A low stationary concentration of propagating


radical (<10�8
m) is maintained by the dynamic equilibrium


which is established after a short period of time (in a few
seconds).[13] Recent advances in controlled/living polymeri-
zation processes have encouraged the preparation of a mul-
titude of macromolecules with controllable architecture,
functionality, composition, and topology.[15]


The use of amino acid based assemblies as delivery vehi-
cles is induced principally by their ability to incorporate and
release poorly water-soluble, hydrophobic, and/or highly
toxic compounds, while also minimizing drug degradation
and wastage, and hence increasing bioavailability.[16] To date
there is no report on the synthesis, self-assembling proper-
ties, and surface-initiated ATRP of alkyl l-phenylalanine-de-
rived monomers. Herein, we present the synthesis, charac-
terization, and subsequent polymerization of an alkyl l-phe-
nylalanine monomer from ATRP initiator-grafted silica par-
ticles. Furthermore, an application of these polymer-coated
silica particles as a stationary phase for HPLC is introduced.


Results and Discussion


Synthesis of N’-octadecyl-Na-(4-vinyl)-benzoyl-l-phenylala-
nineamide : We selected l-phenylalanine as chiral origin due
to its neutral character to avoid synthetic difficulty and be-
cause of its high hydrophobicity. Scheme 2 illustrates the
synthetic process of the l-phenylalanine derivatives. N-Ben-
zyloxycarbonyl-l-phenylalanine (1), derived from l-phenyla-


lanine and Z-Cl, was reacted with stearylamine in THF in
the presence of a peptide synthesis coupling agent DEPC,
affording N’-octadecyl-Na-carbobenzoyl-l-phenylalaninea-
mide (2). Deprotection of the a-amino group of 2 by hydro-
genation (catalyzed by Pd/carbon black) resulted in N’-octa-
decyl-l-phenylalanineamide (3). The acylation of the a-
amino group was carried out with 4-vinylbenzoic acid in al-
kaline medium in the presence of DEPC in THF at 0 8C, to
give the octadecylated l-phenylalanine-derived monomer 4
as a white powder. The characterization of 1–4 was carried
out by elemental analysis and different spectroscopic meth-
ods (see Figures S1 and S2 in the Supporting Information).
Compound 4 was then used for surface-initiated living radi-
cal polymerization from a silica surface to produce a high-
density chromatographic stationary phase.


Self-assembling properties of compound 4 : It is well known
that hydrogen bonding is one of the driving forces for self-
assembly of organogelators in organic solvents.[17] IR and
1H NMR spectroscopies are powerful tools to study hydro-
gen-bonding interactions. Extensive precedent indicates that
secondary amide groups (NH) engaged in the standard
amide–amide hydrogen bonds (C=O···H�N) display stretch-
ing bands in the range 3370–3250 cm�1, while stretching
bands in the range 3500–3400 cm�1 are attributed to “free”
secondary amide groups that are not involved in hydrogen
bonding.[18] The FTIR spectrum of compound 4 in CHCl3, in
which no self-assembly occurs, showed an absorption band
at 3434 cm�1 attributed to free N�H groups[19] (Figure S3,
Supporting Information). On the other hand, the FTIR
spectrum of 4 in a cyclohexane gel ([4]=30 mm) showed ab-
sorption bands at 3302 cm�1 as well as 1658 and 1631 cm�1,
arising from the intermolecular hydrogen-bonded amide
moieties (Figure S4, Supporting Information). The FTIR
measurements also provide information on the alkyl groups.
The absorption bands of the antisymmetric (nas) and sym-


Scheme 1. Mechanism of ATRP.


Scheme 2. Synthesis of compound 4 from l-phenylalanine (l-Phe). Z-Cl:
carbobenzoxy chloride; DEPC: diethylphosphorocyanidate; TEA: trie-
thylamine.
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metric (ns) CH2 stretching vibrations of 4 appeared at 2927
(nas, CH2) and 2855 cm�1 (ns, CH2) in CHCl3, while in the
benzene gel they shifted to 2919 and 2850 cm�1, respectively
(Figure S5, Supporting Information). Such a frequency shift
to lower wavenumbers is induced by the restricted mobility
of the alkyl chains in 4, thus indicating that van der Waals
interactions among the alkyl chains also plays an important
role in the self-assembly of 4 molecules.[20]


Figure 1 shows variable-temperature 1H NMR measure-
ments of compound 4 in [D12]cyclohexane gel from 30 to


70 8C with the assignments of key amide protons: N-alkyla-
mide (H1) and the a-amide (H2). As the temperature in-
creased, the peaks for amide protons were consistently visi-
ble as representative of the associated amide function. Upon
increasing the temperature, the intensity of the two bands
increased and shifted upfield, demonstrating the presence of
one-mode association alternation between the free and the
associated species. The intensity of the peaks ascribed to the
aliphatic moieties at d=1.2 ppm also increased within the
temperature range of 30 to 70 8C and became sharper gradu-
ally, which suggests that the mobility of the alkyl chain in-
creases as a function of temperature (Figure S6, Supporting
Information). The ordered structural conformation of the
alkyl chain of 4 was evaluated by 13C cross-polarization
magic-angle spinning (CP/MAS) NMR measurements
(Figure 2). The higher intensity of the peak at d=33.4 ppm
attributed to the trans conformation indicates that most of
the alkyl chains are in an ordered structure at ambient tem-
perature.[21]


To monitor the interaction between the phenyl groups of
4, UV/Vis spectra were collected in cyclohexane at variable
temperature (80–0 8C). The intensity of the absorption band
at 262 nm decreased as the temperature fell, providing clear


evidence that the aromatic moieties also aggregate through
p–p interactions (Figure S7, Supporting Information). The
FTIR, NMR, and UV/Vis measurements demonstrated that
intermolecular hydrogen bonding among the amide moiet-
ies, van der Waals interaction between the alkyl chains, and
p–p interactions of the aromatic groups played the most im-
portant roles in the self-assembly of compound 4. The mo-
lecular packing model of compound 4 was estimated by Hy-
perChem version 5.1 with molecular mechanics by using the
semiempirical AM1 method (Figure 3). Calculations were


Figure 1. Partial 1H NMR spectra of compound 4 in [D12]cyclohexane gel,
indicating the shift of amide protons.


Figure 2. Partial 13C CP/MAS NMR spectrum of compound 4 at room
temperature.


Figure 3. Molecular packing model of compound 4.
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stopped when the difference in the energy level after two
consecutive iterations was less than 0.001 kcalmol�1. The
computer simulation confirmed the experimental results,
namely the driving force for the self-assembly of 4 is partly
based on the intermolecular hydrogen bonding between the
oxygen atom derived from the carbonyl group and the nitro-
gen atom of the amide moiety. Indeed, it can be described
by the two symmetrical hydrogen bonds between the amide
nitrogen and carbonyl oxygen atoms of the l-phenylalanine
moiety, and furthermore between the a-amide nitrogen and
the carbonyl oxygen atoms of the 4-vinylbenzoyl moiety.


Chromatographic application of molecular gels : We have re-
ported the development of a poly(octadecyl acrylate) deriv-
ative as a lipid membrane analogue and its successful appli-
cation as a HPLC stationary phase after immobilization
onto silica. Our detailed investigations revealed that the
highly ordered structure induced the orientation of the car-
bonyl groups that work as a source of p–p interaction be-
tween the stationary phase and the solute molecules. The
aligned carbonyl groups provide effective recognition of the
molecular planarity and linearity of polyaromatic hydrocar-
bons (PAHs) through multiple p–p interactions.[22] We have
also reported that dialkyl l-glutamide-derived amphiphilic
lipids form nanotubes, nanohelices, and nanofibers induced
by the bilayer structures in water or organic solvents, and by
intermolecular hydrogen bonds among the amide moieties
that also contribute to self-assembly.[23] Successful applica-
tion of a dialkyl l-glutamide-derived organogel as a HPLC
stationary phase revealed that the highly ordered molecules
form a condensed thin layer over the silica surface by inter-
molecular hydrogen bonding among the amide moieties,
which keeps the carbonyl groups in an ordered form favora-
ble for multiple p–p interactions with the guest molecule.
Enhanced molecular shape selectivity was observed through
p–p interactions between the carbonyl groups and the delo-
calized electrons of PAHs for the glutamide-derived station-
ary phase.[24] As similar noncovalent interactions, namely hy-
drogen bonding among the amide moieties and aromatic p–
p interactions, were found to contribute to the self-assembly
of compound 4, Sil-poly4 (Scheme 3) could be considered as
a novel stationary phase for HPLC applications.


Polymerization of 4 from silica by surface-initiated ATRP :
To synthesize polymer-grafted silica particles we broke the
process down into two steps (Scheme 3): 1) immobilization
of ATRP initiator on silica particles and 2) polymerization
from initiator-grafted silica. Radical polymerization initiator
[11-(2-bromo-2-methyl)propionyloxy]undecyltrichlorosilane
(5) was synthesized according to a method reported in the
literature.[25] Initiator 5 was grafted onto silica in dry toluene
in the presence of TEA under a nitrogen atmosphere (see
Experimental Section). The reaction between the surface-ac-
cessible OH group of silica and the anchoring group of the
initiator (�SiCl3) resulted in the formation of a chemical
bond between the silica surface and initiator 5 (Sil-5).
ATRP processes were carried out by using Sil-5 as a macroi-


nitiator suspended in the mixture of monomer and toluene
in the presence of CuBr and PMDETA as catalyst precur-
sors (see the Supporting Information). After the ATRP pro-
cess, Sil-poly4 was purified by repeated washing in different
solvents to remove the nongrafted polymers from the sur-
face. Structural characterization of Sil-5 and Sil-poly4 was
carried out by different spectroscopic (diffuse reflectance in-
frared Fourier transform (DRIFT), NMR) and thermoana-
lytic methods (thermogravimetric analysis (TGA)).


Thermogravimetric analysis of Sil-poly4 : To assess the or-
ganic content of the initiator-functionalized and polymer-
modified silica, repeated TGA runs were conducted and
almost identical curves were obtained. As the good reprodu-
cibility does not prove that significant errors are not incur-
red, control TGA experiments with nongrafted poly4 were
needed. Before measurements, each sample was first kept
under vacuum at 35 8C for 5 h to remove solvent traces, then
TGA measurements were run at a constant heating rate of
10 8Cmin�1 in air by using an empty crucible as a reference.
The heating process was carried out up to 800 8C, which has
been demonstrated to be sufficiently high to degrade all sur-
face-bonded organosilanes.[26] Typical TGA curves for the
bare silica, Sil-5, and Sil-poly4 are depicted in Figure 4.


The weight retention profile of Sil-5 reached a plateau at
110 8C (drying period), indicating the removal of surface
water. After the thermal degradation of the initiator the
weight of the sample was constant from 650 to 800 8C.


A plateau in the weight retention curve of Sil-poly4 was
also observed as the temperature reached 600 8C, confirming
that there is no polymer material remaining on the silica at
800 8C. Considering the TGA curve of Sil-5 as reference, the
weight of the immobilized initiator can be calculated as
9.6 wt% of the total mass. Similarly, TGA revealed that


Scheme 3. Synthetic steps for the preparation of poly4-grafted silica parti-
cles (Sil-poly4). PMDETA: 1,1,4,7,7-pentamethyldiethylenetriamine.
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25.5 wt% poly4 is grafted on the silica surface if the weight
retention of Sil-5 was considered as reference at 800 8C. The
former weight difference (9.6%) was translated into an
average grafting density of 0.61 initiator molecules per nm2.
However, this value is one order of magnitude lower than
the generally accepted silica surface hydroxyl group density
(five OH groups per nm2)[27] but slightly higher than that
demonstrated in other reports.[28] From the results of TGA
measurements it can be concluded that a fairly large amount
of polymer was grafted onto the silica surface by the ATRP
process, and Sil-poly4 can be considered as a high-density
organic phase for HPLC.


IR analysis : Immobilization of ATRP initiator 5 and sur-
face-initiated polymerization of 4 were also confirmed by
DRIFT spectroscopy. The absorbance spectra for bare silica
particles, Sil-5, and Sil-poly4 in the region from 3700 to


1500 cm�1 are shown in Figure 5. In spectrum b, the ester
group introduced by initiator 5 is clearly noticeable, as indi-
cated by the C=O bond stretching at 1717 cm�1. A group of
peaks at 2931 and 2859 cm�1 is attributed to the CH bond
stretching of the long alkyl chain in initiator 5. The FTIR
spectrum of 4 (Figure 5, spectrum d) shows intense bands at
1659 and 1630 cm�1 corresponding to the carbonyl stretching
of the two amide bonds, respectively (the latter overlapped
with the C=C stretching band of the vinyl moiety). A broad
signal (Figure 5, spectrum c) could be observed at
1634 cm�1, indicating the presence of grafted polymer. The
spectrum of Sil-poly4 also displays a peak at 1719 cm�1 due
to the carbonyl stretching of initiator 5, but the intensity in
this case is not as strong as that detected in the spectrum of
Sil-5. Equally important is the appearance of N�H stretch-
ing (3293 cm�1) in spectrum c derived from poly4, providing
further evidence that monomer 4 was successfully polymer-
ized from the silica surface. The Si�OH bonds of the pure
silica show an absorption band at 3652 cm�1, indicating that
some surface OH groups remained unfunctionalized (Fig-
ure 5a and c). These results clearly proved that a considera-
bly large amount of poly4 could be immobilized on the
silica surface.


NMR studies of Sil-poly4 : In liquid- or suspended-state
NMR spectroscopy, only those molecules or parts of mole-
cules are detectable that have very fast rotational mo-
tions.[29] The motion must be in such a fast range that it can
average out dipolar coupling and chemical shift anisotropy
until the related NMR peaks become narrow enough to be
detected. The suspension-state 1H NMR spectroscopy of Sil-
poly4 was measured from 25 to 50 8C. Neither the half-
height width (line width) of methylene groups nor the spin–
spin relaxation time (T2) showed any significant change with
temperature (20–50 8C). We observed that the intensity of
the NMR peaks representing terminal methyl and methyl-
ene groups of octadecyl moieties increased slightly and were
detectable when a very high vertical scale was used for
graphical presentation. These results indicate that the organ-
ic phase on the silica surface is in the solid state at room
temperature.


Solid-state 13C CP/MAS NMR spectroscopy is a powerful
tool for evaluation of the chemical composition of modified
surfaces and for confirming the integrity of the immobilized
alkyl groups. 13C CP/MAS NMR spectra of Sil-poly4 were
acquired at variable temperature (25–50 8C). It is well
known that the 13C NMR signals for (CH2)n carbon atoms
appear at two resonances, one at d=32.2 ppm due to the
trans conformation, indicating the presence of rigid and or-
dered chains, and the other at d=30.0 ppm due to the
gauche conformation.[21] The intense signal at d=29.9 ppm
in the 13C CP/MAS NMR spectra, attributed to the methyl-
ene carbon atoms of the octadecyl groups, indicates that the
N-alkyl chains of Sil-poly4 are arranged in a less ordered
gauche conformational form, and no alteration to the or-
dered trans conformation could be observed in the tempera-
ture range 25–50 8C (Figure S8, Supporting Information).


Figure 4. TGA curves for a) bare silica particles, b) Sil-5, and c) Sil-poly4.


Figure 5. DRIFT spectra of a) bare silica particles, b) Sil-5, and c) Sil-
poly4 ; d) FTIR spectrum of 4.
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29Si CP/MAS NMR investigation shows the differentiation
between geminal silanol groups (Q2) and free silanol groups
(Q3) besides the siloxane groups (Q4), which are indicated
by signals at d=�92, �102, and �111 ppm, respectively. In
initiator- and polymer-grafted silica the signal corresponding
to residual geminal silanols is not seen. When the initiator
was reacted with the silica surface, a large amount of cross-
linked T2-type silicon species (d=�57 ppm) was observed
while polymer grafting increased the cross-linked surface, as
indicated by the appearance of T3 signals (d=�65 ppm) and
the absence of a signal for T1[30] (29Si CP/MAS NMR spectra
are given in Figure S9 in the Supporting Information).


To demonstrate an application of the new amino acid de-
rived monomer, Sil-poly4 was suspended in chloroform/hex-
anol and packed in a stainless-steel column of length 25 cm
and internal diameter (i.d.) 4.6 mm by using methanol as
packing solvent. The packed column was used for chromato-
graphic analysis and the results are described in the follow-
ing sections.


Retention mode : It is known that conventional octadecylsi-
lane (ODS) or alkyl phases can recognize the hydrophobici-
ty of analytes in HPLC, and this hydrophobicity is measured
by the methylene activity of the stationary phases. This ac-
tivity reflects the possibility of the phase being able to sepa-
rate two molecules that differ only in methylene groups, for
example, amylbenzene and butylbenzene or ethylbenzene
and toluene. The retention mode, as well as the extent of hy-
drophobic interaction among the analytes and the packing
materials in HPLC, can be determined by retention studies
of alkylbenzenes.[31]


To evaluate the retention mode and chromatographic per-
formance, Sil-poly4 was packed in a stainless-steel column
and separation experiments were carried out. Figure 6
shows the correlation between logk and logP for Sil-poly4
and a conventional ODS phase. Notably, the retention mode
of Sil-poly4 showed a reversed-phase mode compared to
that of the conventional ODS phase. As indicated in


Figure 6, this phase showed a much higher retention for
both alkylbenzenes and PAHs. It was also observed that
logk and logP plots of alkylbenzenes and PAHs in ODS
were parallel and almost coincided with each other, provid-
ing evidence that ODS can recognize only the hydrophobici-
ty of analytes.


It was found that Sil-poly4 showed a higher retention for
PAHs compared to its values for alkylbenzenes. For in-
stance, the logP of naphthacene (5.71) is smaller than that
of octylbenzene (6.30), while the logk value of naphthacene
(2.95) is higher than that of octylbenzene (2.09). The in-
crease of logk for PAHs was accompanied by selectivity en-
hancement, which provides specific interactive sites for
PAHs that can recognize aromaticity as well as molecular
hydrophobicity.


Chromatographic performance of Sil-poly4 : The first chro-
matographic evaluation was performed by using the Tanaka
test mixture containing hydrophobic probes.[32] Figure 7
shows the chromatogram obtained, in which it can be ob-


served that all compounds were separated with good effi-
ciencies and good peak shapes. This characterization proto-
col is a well-developed approach that is recommended to
obtain information about the functionality of the silyl re-
agent and the methylene selectivity, as well as to establish
the repeatability and reproducibility of the separation be-
havior of commercially available reversed phases.[32] The
most relevant properties, which are measured by the chro-
matographic parameters for the separation of seven com-
pounds, are shape and methylene selectivities, hydrogen
bonding, and ion-exchange capacities in neutral media.


The chromatogram (Figure 7) shows the separation of two
homologous alkylbenzenes and nonplanar PAHs, and it was
observed that all four compounds are well resolved. The re-
tention of some PAH isomers and aromatic positional iso-
mers was examined to assess the shape selectivity by Sil-


Figure 6. Logk versus logP plots for ODS and Sil-poly4 stationary
phases; a: benzene, b: toluene, c: ethylbenzene, d: butylbenzene, e: hex-
ylbenzene, f: octylbenzene, g: decylbenzene, h: dodecylbenzene, i: naph-
thalene, j: anthracene, k: naphthacene.


Figure 7. Chromatogram for Tanaka test mixture with Sil-poly4. Mobile
phase: MeOH/H2O (90:10), flow rate: 1 mLmin�1, column temperature:
30 8C, UV detection (254 nm).
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poly4, and the retention data were compared with those for
the conventional ODS phase. Several size and shape param-
eters for PAHs were introduced for systematic investigations
of retention behavior. The retention data for PAH isomers
on Sil-poly4 and their comparison with ODS are given in
Table 1.


To evaluate the planarity recognition capability of ODS
phases, Tanaka et al.[33] introduced the selectivity for two
solutes, o-terphenyl (F=9, L/B=1.11) and triphenylene
(F=9, L/B=1.12). (Definitions of F and L/B are given in
the Supporting Information.) We observed that Sil-poly4
(atriphenylene/o-terphenyl=3.23) showed extremely enhanced mo-
lecular planarity recognition compared to ODS (atriphenylene/o-


terphenyl=1.4). A typical example for selectivity towards
PAHs on Sil-poly4 is shown in Figure 8. The retention data
show that Sil-poly4 yielded higher separation for all sets of
PAHs and geometrical isomers than the conventional re-
versed-phase HPLC stationary phase, regardless of the fact
that the alkyl chain in Sil-poly4 yielded a disordered gauche
transformation and no inversion to ordered transformation
was seen up to a temperature of 50 8C.


Conclusion


A new polymerizable N’-octadecyl-l-phenylalanine-derived
monomer has been synthesized and found to be self-assem-
bled by intermolecular hydrogen bonding. Structurally well-


defined silica–polymer hybrid materials were prepared by
initiator immobilization on a silica surface and subsequent
surface-initiated ATRP by using initiator-modified particles
as macroinitiators.


The octadecyl chains on the polymer-grafted silica parti-
cles were a disordered, solid, and noncrystalline form that
did not show any phase-transition behavior. Sil-poly4 was
used as a HPLC packing material and showed a reversed-
phase retention mode. The chromatographic results for
PAH isomers showed better separation behavior than with a
conventional ODS phase. This new polymer-grafted silica
could be efficiently used for the separation of PAHs in re-
versed-phase HPLC. Furthermore, compound 4 may also be
applied towards the functionalization of magnetic particles,
and the magneto-responsive composite materials ultimately
could be used for magnetic hyperthermia. By introducing
cationic functional groups, the 4 molecule could be a poten-
tial candidate for the preparation of carriers that can deliver
nucleic acids into cells to investigate the properties of gene
sequences.


Experimental Section


General methods and materials : TEA (Wako, 99+ %) was distilled over
potassium hydroxide. Trichlorosilane (TCA, 97%), 2-bromoisobutyryl
bromide (Aldrich, 98%), 10-undecene-1-ol (Aldrich, 98%), platinum(0)-
1,3-divinyl-1,1,3,3-tetramethyldisiloxane (Karstedt catalyst; Aldrich, 0.1m


in xylenes), PMDETA (Wako, 98.0%), and copper(I) bromide (Aldrich,
99.999%) were used as received. Toluene (Wako, 99+ %) and diethyl
ether (Wako, 99.5+ %) were distilled from sodium/benzophenone and
stored under argon when not used. Porous silica particles (YMC-GEL)
were purchased from YMC (Kyoto, Japan); their average diameter, pore
size, and surface area were 5 mm, 12 nm, and 300 m2g�1, respectively.


HPLC-grade methanol and PAH samples were obtained from Nacalai
Tesque (Japan). Analytical thin-layer chromatography was performed on
0.25 mm silica gel plates, and silica gel column chromatography was car-


Table 1. Retention and separation factors of PAHs for Sil-poly4 and
ODS stationary phases.


Analyte[a] Sil-poly4 Sil-ODS
k a k a


benzene 0.974 0.74
2.36 1.78


naphthalene 2.30 1.32
6.30 3.55


anthracene 6.141 2.63


pyrene 10.28 3.76
1.41 1.21


triphenylene 14.42 4.57
1.23 1.29


benzo[a]anthracene 12.64 4.87
1.43 1.30


chrysene 14.70 4.89
1.90 1.49


naphthacene 19.10 5.60


cis-stilbene 3.22 2.08
1.44 1.05


trans-stilbene 4.63 2.20


o-terphenyl 4.468 3.07
1.95 1.44


m-terphenyl 8.71 4.45
3.10 1.44


p-terphenyl 13.81 4.45


[a] Mobile phase: methanol/water (90:10); column temperature: 30 8C;
flow rate: 1.00 mLmin�1; UV detection (254 nm).


Figure 8. Chromatogram of a mixture of naphthalene, anthracene,
pyrene, and triphenylene with Sil-poly4. Mobile phase: MeOH/H2O
(90:10), flow rate: 1 mLmin�1, column temperature: 30 8C, UV detection
(254 nm).
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ried out with silica gel 60 (Wakogel C-300). IR measurements were con-
ducted on a Jasco (Japan) FTIR-4100 Plus instrument in KBr. For
DRIFT measurements, the accessory DR PRO410-M (Jasco, Japan) was
used. TGA was performed on a Seiko EXSTAR 6000 TG/DTA 6300 ther-
mobalance in static air from 30 to 800 8C at a heating rate of 10 8Cmin�1.
For characterization of synthesis, 1H and 13C NMR spectra were recorded
on a JEOL JNM-LA400 (Japan) instrument. Chemical shifts (d) of 1H
and 13C were expressed in parts per million (ppm) with use of the inter-
nal standard Me4Si (d =0.00 ppm). Coupling constants (J) are reported in
Hertz. Elemental analyses were carried out on a Perkin–Elmer CHNS/
O 2400 apparatus. UV/Vis spectra were measured on a Jasco V-560 spec-
trophotometer by using a quartz cell of width 1 cm.


Solid- (13C CP/MAS NMR and 29Si CP/MAS NMR) and suspended-state
1H NMR measurements : NMR spectra were measured by a Varian Uni-
tyInova AS400 instrument at a static magnetic field of 9.4 T by using a
GHX nanoprobe for suspension-state NMR and a solid probe for CP/
MAS NMR spectroscopy at a spin rate of 2000–3500 Hz for suspension-
state NMR and 4000–4500 Hz for solid-state NMR measurements. The
samples for suspension-state 1H NMR spectroscopy were made by using
Sil-poly4 (10 mg) in CD3OD (100 mL) with tetramethylsilane (0.03%).
1H NMR spectra were recorded at 20–50 8C at 5 8C intervals by using a
GHX Varian AS400 nanoprobe. The parameters used for measurement
were delay time 1.5 s, pulse width 2.2 ms, transient number 32, and spec-
tral width 6000 Hz. Water was suppressed by using a presaturation pulse
sequence with a saturation delay of 1.5 s and a saturation power of 2 dB.
For assigning peaks, after determination of a pulse width of 908, simple
RELAY COSY (correlation spectroscopy test) was carried out and the
chemical shifts of the terminal methyl and methylene proton of the alkyl
chain were determined. For solid-state 13C CP/MAS, the NMR measuring
parameters were: spectral width 50000 Hz, proton pulse width 90=


11.6 ms, contact time for cross polarization 5 ms, and delay before acquisi-
tion 2 s. High-power proton decoupling of 63 dB with fine attenuation of
dipole r=2500 was used only during detection periods. 29Si CP/MAS
NMR spectra were collected with the same instrument. Representative
samples (200–250 mg) were spun at 3500 Hz by using 7 mm double-bear-
ing ZrO2 rotors. The spectra were obtained with a cross-polarization con-
tact time of 5 ms. The pulse interval time was 1.5 s. The transmitter fre-
quencies of 29Si and 1H were 59.59 and 300.13 MHz, respectively. Typical-
ly, 1.5-k FIDs with an acquisition time of 30 ms were accumulated in
1 kilobyte (kb) data points and zero filling to 8 kb prior to Fourier trans-
formation. The line broadening used was 30 Hz and the spectral width
for all spectra was about 25 kHz.


HPLC measurement : The chromatographic system consisted of a Gulliv-
er PU-980 intelligent HPLC pump, a Rheodyne sample injector with a
20 mL loop, and a Jasco multiwavelength UV detector MD 2010 plus. The
column temperature was maintained by using a column jacket that had a
circulator with a heating and a cooling system. A personal computer con-
nected to the detector with Jasco–Borwin (Ver 1.5) software was used for
system control and data analysis. As the sensitivity of the UV detector
was high, 5 mL of sample solution was used for each injection. To avoid
overloading effects, special attention was given to the selection of opti-
mum experimental conditions. Separations were performed with HPLC-
grade methanol/water (90:10) as mobile phase at a flow rate of
1.00 mLmin�1. Measurement of the retention factor (k) was carried out
under isocratic elution conditions. The separation factor (a) is the ratio
of the retention factor of two solutes that are being analyzed. The reten-
tion time of D2O was used as the void volume (t0) marker (the absorption
of D2O was measured at 400 nm, which is actually considered as injection
shock). All data points were derived from at least triplicate measure-
ments, with the value of retention time (tR) varying by �1%. The water/
1-octanol partition coefficient (P) was measured by retention studies
with ODS (monomeric; Inertsil ODS, 250P4.6 mm i.d., GL Science,
Tokyo, Japan): logP=3.579+4.207 logk (r)0.999997).[34]


Synthesis of l-phenylalanine-derived self-assembling monomeric organo-
gelator


N-Carbobenzoyl-l-phenylalanine (1): l-Phenylalanine (45 g, 272.4 mmol)
was dissolved in NaOH solution (2m, 250 mL) and stirred in an ice bath
at 0 8C. Z-Cl (10.5 mL, 61.5 mmol) was added dropwise followed by the


addition of NaOH (2m, 20 mL). The addition of Z-Cl and NaOH was re-
peated four more times at 15 min intervals. After completion of Z-Cl ad-
dition the mixture was stirred for 1 h at 0 8C and 5 h at room tempera-
ture. The reaction mixture was extracted with diethyl ether (3P50 mL) to
remove unreacted Z-Cl and the aqueous layer was separated. HCl (6m)
was added to the aqueous layer until the pH reached 2.00. The mixture
was extracted with ethyl acetate (5P50 mL); the organic layer was then
washed with distilled water (5P50 mL), dried over Na2SO4, and concen-
trated under reduced pressure. n-Hexane (300 mL) was added and the
mixture was stirred with a glass rod until white crystals appeared, then
kept in a refrigerator for 24 h. The white solid obtained was isolated by
filtration and dried in vacuo to give 1 (83.2 g, yield: 85.6%). M.p. 79–
80 8C; 1H NMR (400 MHz, CDCl3): d=7.33 (m, 5H; C6H5), 7.25 (m, 5H;
C6H5), 5.13 (d, J=8.76 Hz, 1H; *CHNHC(O)), 5.10 (s, 2H;
C(O)CH2C6H5), 4.70 (m, 1H; *CH) 3.18 (dd, J=8.76 Hz, 1H; *CHCH),
3.08 ppm (dd, J=8.76 Hz, 1H; *CHCH); 13C NMR (100 MHz, CDCl3):
d=176.26, 155.83, 136.02, 135.41, 129.30, 128.65, 128.51, 128.22, 128.08,
127.21, 127.04, 67.14, 54.55, 37.68 ppm; IR (KBr): ñ =3329, 3150, 3087,
3063, 3033, 1718, 1698, 1531, 1496, 1454 cm�1; elemental analysis calcd
(%) for C17H17NO4: C 68.21, H 5.73, N 4.68; found C 67.93, H 5.81, N
4.58.


N’-Octadecyl-Na-carbobenzoyl-l-phenylalanineamide (2): N-Carbobenzo-
yl-l-phenylalanine (1) (30.0 g, 100.23 mmol) and stearylamine (29.65 g,
110.25 mmol) were dissolved in dry THF (300 mL) by stirring. Anhy-
drous TEA (25.30 g, 250.58 mmol) was added to the mixture followed by
DEPC (17.98 g, 110.25 mmol) and stirring was continued for 1 h at 0 8C.
The ice bath was removed and the mixture was stirred overnight at room
temperature. The mixture was concentrated under reduced pressure and
the residue was dissolved in CHCl3 (250 mL). The chloroform solution
was washed with 10% NaHCO3 solution, HCl (0.2m), and distilled water.
The solution was dried over Na2SO4, concentrated under reduced pres-
sure, recrystallized from methanol, and dried in vacuo to give a white
powder (40.1 g, yield: 72.5%). M.p. 122–123 8C; 1H NMR (400 MHz,
CDCl3): d=7.33 (m, 5H; C6H5), 7.25 (m, 5H; C6H5), 5.46 (s;
NHC(O)*CH), 5.35 (s, 1H; *CHNHC(O)), 5.09 (s, 2H; C(O)CH2C6H5)),
4.28 (t, J=13.6 Hz; *CH), 2.95 (m, 2H; *CHCH2C6H5), 3.10 (m, 2H;
CH2NHC(O)*CH), 1.55 (m, 2H; CH2CH2CH2NHC(O)*CH), 1.25 (m,
30H; CH3CH2P15), 0.86 ppm (t, J=12.0 Hz, 3H; CH3);


13C NMR
(100 MHz, CDCl3): d=170.41, 155.83, 136.82, 136.14, 129.29, 128.70,
128.54, 128.21, 128.02, 127.03, 67.03, 56.53, 39.70, 39.53, 31.91, 29.68,
29.64, 29.57, 29.53, 29.48, 29.34, 29.26, 29.20, 26.91, 26.74, 22.68,
14.10 ppm; IR (KBr): ñ=3302, 3150, 3087, 3063, 3033, 2919, 2849, 1686,
1654, 1534, 1467, 1439 cm�1; elemental analysis calcd (%) for
C35H54N2O3: C 76.30, H 9.88, N 5.09; found C 76.30, H 9.80, N 5.13.


N’-Octadecyl-l-phenylalanineamide (3): N’-Octadecyl-N a-carbobenzoyl-
l-phenylalanineamide (2) (14.0 g, 25.41 mmol) was dissolved in ethanol
(300 mL) with heating and Pd carbon black (1.4 g) was added to the solu-
tion. H2 gas was bubbled slowly into the solution for 4 h at 60 8C. The Pd
carbon black was removed by filtration, then the solution was concentrat-
ed under reduced pressure, recrystallized from methanol, and dried in
vacuo to give a white powder (7.8 g, yield: 73.65%). M.p. 78–79 8C;
1H NMR (400 MHz, CDCl3): d=7.21 (m, 5H; C6H5), 3.57 (q, J=16 Hz;
*CH), 3.21–3.29 (m, 3H; CH2NHC(O)*CH, *CHCHC6H5), 2.66 (q, J=


23.4 Hz, 1H; *CHCHC6H5), 1.47 (d, J=6.8 Hz, 2H;
CH2CH2CH2NHC(O)*CH), 1.25 (m, 30H; CH3CH2P15), 0.86 ppm (t,
J=13.4 Hz, 3H; CH3);


13C NMR (100 MHz, CDCl3): d=173.9, 137.98,
129.29, 128.66, 126.75, 56.46, 41.05, 39.09, 31.90, 29.67, 29.63, 29.57, 29.56,
29.53, 29.34, 29.29, 26.92, 22.66, 14.09 ppm; IR (KBr): ñ=3366, 3295,
3087, 3063, 3030, 2956, 2918, 2849, 1635, 1550, 1471 cm�1; elemental anal-
ysis calcd (%) for C27H48N2O: C 77.82, H 11.61, N 6.73; found: C 77.53,
H 11.38, N 6.75.


N’-Octadecyl-Na-(4-vinyl)-benzoyl-l-phenylalanineamide (4): N’-Octadec-
yl-l-phenylalanineamide (3) (5.0 g, 12.00 mmol) and 4-vinylbenzoic acid
(2.0 g, 13.2 mmol) were dissolved in dry THF (200 mL) and stirred. An-
hydrous TEA (3.03 g, 30.2 mmol) was added followed by DEPC (2.2 g,
13.2 mmol) and stirring was continued for 1 h at 0 8C in an ice bath. The
mixture was stirred at room temperature overnight, then concentrated
under reduced pressure and the residue was dissolved in CHCl3
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(150 mL). The chloroform solution was washed with 10% NaHCO3, HCl
(0.2m) and distilled water (3P50 mL) and then the organic layer was
dried over Na2SO4. The mixture was concentrated and recrystallized
from ethanol and dried in vacuo to give a white powder (6.0 g, yield:
91.5%). M.p. 137–138 8C; 1H NMR (400 MHz, CDCl3): d=7.70 (d, J=


8.76 Hz, 2H; C6H5), 7.4 (d, J=8.76 Hz, 2H; C6H5), 7.3 (m, 5H; C6H5),
7.23 (d, J=5.88 Hz, 1H; *CHNHC(O)), 6.70 (q, J=28.32 Hz, 1H;
C6H5CHCH2), 5.8 (d, J=17.56 Hz, 1H; C6H5CHCH-H), 5.5 (s, 1H; CH2-
NH-C(O)*CH), 5.34 (d, J=10.8 Hz, 1H; C6H5CHCH-H), 4.73 (t, J=


9.6 Hz; *CH), 3.25 (m, 1H; CH2NHC(O)*CH), 3.03 (m, 2H;
*CHCH2C6H5), 1.30 (m, 32H; CH3CH2P16), 0.86 ppm (t, J=12.0 Hz,
3H; CH3);


13C NMR (100 MHz, CDCl3): d=170.60, 166.70, 140.97,
136.92, 135.93, 132.90, 129.39, 128.71, 127.40, 127.05, 126.33, 116.08, 55.21,
39.62, 38.91, 31.94, 29.72, 29.67, 29.61, 29.52, 29.37, 29.30, 29.25, 26.81,
22.70, 14.11 ppm; IR (KBr): ñ =3306, 3087, 3063, 3033, 2919, 2850, 1658,
1631, 1532, 1503, 1470 cm�1; elemental analysis calcd (%) for
C36H54N2O2: C 79.06, H 9.96, N 5.12; found C 78.65, H 9.83, N 5.02.


Immobilization of initiator 5 on silica particles : Silica (5 g) was suspend-
ed in toluene (30 mL) in a round-bottomed flask, [11-(2-bromo-2-meth-
yl)propionyloxy]undecyltrichlorosilane (5 ; 2.150 g, 4.72 mmol) was added
and the suspension was rotated for 5 min. Then Et3N (1.44 g, 14.2 mmol)
was added and the rotation was continued under an inert atmosphere for
24 h. Silica particles were separated, washed with toluene, methanol,
water, methanol, and diethyl ether (each three times), and stored at
room temperature before polymerization.


Surface-initiated ATRP from Sil-5 : Initiator-grafted silica (Sil-5 ; 4.1 g),
compound 4 (3.94 g, 7.2 mmol,) and PMDETA (0.536 g, 3.1 mmol) were
suspended in dry toluene (17 mL) and the suspension was purged with ni-
trogen. CuBr (0.085 g, 2.02 mmol) was added and the mixture was de-
gassed by three freeze–pump–thaw cycles. The flask was then placed in
an oil bath with a preset temperature of 90 8C and rotation at a slow ve-
locity was maintained for 24 h. The reaction mixture was cooled to room
temperature, filtered, and the residue was washed with hot toluene, hot
chloroform, and methanol repeatedly. For separation of the remaining
catalyst,[35] the particles were placed in a round-bottomed flask, suspend-
ed in a mixture of methanol and an aqueous solution of K2EDTA
(0.25m), and the flask was rotated at 40 8C for 6 h. After filtration, the
silica particles were washed with water, methanol, and diethyl ether and
dried under vacuum.
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Influences on the Regioselectivity of Palladium-Catalyzed Allylic Alkylations
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Introduction


p-Allyl metal complexes play an important role in modern
organic synthesis. Among the different metals used, palladi-
um plays a dominant role,[1] and the allylic alkylation, also
called the Tsuji–Trost reaction, is by far the most popular
application.[2] During the last years with the development of
suitable asymmetric ligands, especially asymmetric versions
of this protocol became more and more important.[3] p-Allyl
palladium complexes are formed from allylic substrates such
as A1 and A2 via coordination of the alkene towards Pd0


and subsequent internal nucleophilic attack of the electron-
rich Pd at the allylic position (Scheme 1).[4] The p-allyl palla-
dium intermediate B formed can be attacked by the nucleo-
phile either at the terminal position (C1) or at the internal
position (C2). In general, attack of the nucleophile occurs at
the sterically least hindered position, and therefore the
linear product C1 is the preferred one.[2] According to this
simplified model, one should expect the same product distri-


bution, independent of the starting material (A1 or A2)
used, as long as the same p-allyl intermediate B can be
formed. Interestingly, quite often this is not the case, and a
substrate dependent product ratio is observed. Depending
on the reaction conditions branched substrate A2 can give a
higher ratio of branched product C2 than the linear sub-
strate A1.[5–7] This so-called “memory effect” has intensively
be studied, and several explanations were given, depending
on the substrates and reaction conditions used.[8–11]


Because in most cases symmetric nucleophiles such as
malonates are used, only the branched product C2 is of in-
terest for an asymmetric version. Therefore, a lot of efforts
have been made to get higher ratios of branched product.
Big improvements have been made by Pfaltz et al. They
could show, that the regioselectivity of the nucleophilic
attack can be influenced by “tuning” the reaction mecha-
nism.[12] If the nucleophile attacks in a SN2 fashion, attack
should occur preferentially at the terminal position (D),
while reaction via a cationic SN1 transition state E should


Abstract: Chelated amino acid ester
enolates are excellent nucleophiles for
palladium-catalyzed allylic alkylations.
These enolates react rapidly at �78 8C
and in general without isomerization of
p-allyl palladium complexes. Therefore,
they are good candidates for mechanis-
tic studies and regioselective reactions.
Terminal p-allyl palladium complexes
are preferentially attacked at the least
hindered position giving rise to linear
products, as illustrated with several


(E)-configured allylic substrates. Under
isomerization free conditions the
branched products are formed prefer-
entially from the corresponding (Z)-
allyl substrates. An interesting behavior
is observed in the reaction of secon-
dary allylic substrates. Aryl-substituted


substrates show a significant memory
effect which can be explained by an
asymmetric p-allyl complex. For alkyl-
substituted substrates a strong depend-
ence of the regioselectivity on the leav-
ing group is observed, which can be ex-
plained by different conformations in
the ionization step. Under isomeriza-
tion free conditions the product ratio
gives important information about this
step.
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Scheme 1. Simplified mechanism of the Tsuji–Trost reaction.
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preferentially provide the branched product (Figure 1).
Transition state E can be favored by using electron-with-
drawing groups in the ligand, for example, if phosphines are


replaced by phosphites.[13] Based on that, Pfaltz et al. created
unsymmetrical chiral ligands such as phosphitoxazolines.[12]


Sterical hindrance favors transition state F where the sub-
stituent R on the allyl fragment is located trans to the bulky
phosphorus ligand. Nucleophilic attack on the p-allyl system
preferentially occurs trans to the P atom,[14] giving rise to
the branched product with good chirality transfer.


Another important class of memory effects, also observed
for unsymmetrical p-allyl groups, is more complex and can
be found with achiral ligands as well. It is observed that the
product distribution not only depends on the regio- but also
the stereochemistry of the starting material.[7] This effect
was recently investigated by Norrby et al.[15] Scheme 2 shows


a more detailed mechanism of the allylation using unsym-
metrical substrates A1–A3.


While A1 on ionization gives rise to the syn-complex B1,
the anti-complex B2 is obtained from cis-substrate A3.[16]


The branched substrate A2 is able to form both, the syn and
the anti complex, and the ratio depends on the conformation
of the substrate in the ionization step. Therefore, a strong
influence of the leaving group can be observed in certain
cases.[15] Especially for terminal allyl complexes the inter-
mediates B1 and B2 can equilibrate rapidly via p–s–p iso-
merization.[17] If isomerization is fast compared with the nu-
cleophilic attack, product distribution results from the equi-
librium mixture in which the syn complex as the thermody-
namically favored one is enriched. In this case the product
ratio is nearly independent of the allylic substrate used
(Scheme 1). On the other hand, if nucleophilic attack is


faster than the equilibrium of the intermediates, or at least
in the same range, one should observe memory effects
based on the different ratio and reactivity of the allyl com-
plexes B1 and B2. Work carried out in the Kkermark group
showed, that under certain circumstances isomerization can
be slow enough, and pure syn- and anti complexes can be
isolated.[7,18] They found that nucleophilic attack at the syn-
position is disfavored, and therefore the linear trans-sub-
strate A1 gives predominantly the trans configured product
C1. On the other hand, the anti-position is significantly
more reactive, and therefore in anti-complex B2 attack of
the nucleophile occurs at both positions in a similar ratio.
Depending on the substitution pattern, a mixture of
branched (C2) and cis product (C3) is obtained.


Finally, the branched substrate should give a result in be-
tween that of the cis and the trans substrate, entirely depen-
dent on the initial ionization preference (anti or syn com-
plex). Norrby et al. carefully investigated reactions of all
three allylic substrates to figure out if only the situation il-
lustrated in Scheme 2 is responsible for the memory effect,
or if there is also another contribution, for example, from
halides. Halides have two effects on the outcome of the re-
action. First, they increase the rate of isomerization,[19] and
second, they can coordinate to the palladium giving rise to
unsymmetrical p-allyl complexes.[14,20] Based on the strong
trans effect of the P atom, the phosphine ligand should be
located trans to the leaving group. Because nucleophilic
attack occurs also preferentially trans to phosphorous, this
trans effect can significantly contribute to the memory effect
(regioretention).


For some time our group is investigating chelated amino
acid ester enolates (G) as nucleophiles in palladium cata-
lyzed allylic alkylations (Scheme 3).[21] These enolates react


Figure 1. Possible transition states of allylic alkylation.


Scheme 2. Detailed mechanism of allylic alkylation


Scheme 3. Allylic alkylations of chelated enolates (Tfa= trifluoroacetyl).
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under much milder conditions (already at �78 8C) with p-
allyl palladium complexes than the generally used nucleo-
philes such as malonates. As a result, these were the first C-
nucleophiles showing no p–s–p isomerization of complexes
obtained from 1,3-disubstituted substrates.[22] For example, if
cis-configured carbonate H was reacted, the substitution
product I was obtained with perfect conservation of the
olefin geometry (full stereoretention). With symmetrically
substituted cis allyl substrates of type K, nucleophilic attack
occurs selectively at the more reactive anti-position giving
rise to L with excellent chirality transfer from K to L. This
nicely correlates with the results described by Kkermark
et al.[7] Very recently, we could also show that in reactions of
chiral substrates M the nucleophilic attack on the terminal
p-allyl intermediate could be controlled by the stereogenic
center in the substrate.[23] With sterically demanding protect-
ing groups the nucleophilic attack slows down and isomeri-
zation becomes dominant. Replacing the tert-butyldiphenyl-
silyl (TBDPS) group by a smaller one accelerates nucleo-
philic attack, and therefore with substrates such as O also a
high degree of stereoretention was observed.[24]


This clearly indicates that with these enolates even termi-
nal p-allyl–palladium complexes can react without signifi-
cant isomerization, what makes them good candidates to in-
vestigate mechanistical details such as the memory effect.
This is especially interesting, because with the terminal p-
allyl complexes investigated so far, only the linear substitu-
tion products were obtained. From a synthetical point of
view it is also important to get a suitable protocol which can
provide the branched products. One possibility is to switch
to other transition metals such as rhodium, which indeed
can give access to branched products with excellent chirality
transfer.[25] On the other hand, we were interested to see if
we can modify the reaction conditions of the palladium-cat-
alyzed version in such a way, that at least the ratio of the
branched product could be increased.


Results and Discussion


We became interested in this topic during our investigations
on the regioselectivity of phenyl-substituted terminal p-allyl
palladium complexes. While the cinnamyl carbonate (E)-1a
gave rise to the linear substitution product 3a as the sole
regio- and stereoisomer [>99% RS, >99% (E)] in excel-
lent yield (Table 1, entry 1), the corresponding Z isomer
provided a 9:1 mixture of the branched product 4a and the
linear 3a (entry 2). Surprisingly, (E)-configured 3a was
formed nearly exclusively [<1% (Z)], although the anti-
complex had to be formed in the ionisation step. The high
ratio of branched product indicates that the nucleophilic
attack at the anti position of the anti complex is very fast—
slightly faster than the isomerization (which occurs in part),
but much faster than the attack at the terminal position.
Therefore, we found only linear product 3a after the isomer-
ization. In principle, the amount of branched product should
increase if the nucleophilic attack becomes faster, while a


slower reaction should favor the formation of 3a, because
the intermediate p-allyl complex has more time for isomeri-
zation. Therefore, we varied the amount of nucleophile
used. And indeed, with an excess of nucleophile (1.5 equiv)
not only the yield increased, but also the ratio of branched
product. On the other hand, if the allyl substrate was used
in excess, significantly more linear product was formed,
which nicely supports the mechanistic proposal.


With these results at hand, we next focused on reactions
of the corresponding branched substrate 2a (Table 2). Inter-
estingly, 2a yielded a mixture of linear (3a) and branched
product 4a in a 6:4 ratio, whereby the branched product was
again formed with a high anti/syn selectivity what is in good
agreement with our previous results (entry 1). And again,
the E isomer of 3a was formed exclusively as with (E)-con-


Table 1. Allylic alkylations using linear aryl substituted allylic substrates
1.


Entry Substrate Equiv
enolate


Yield [%] Ratio 3/4 Ratio 4 anti/syn


1 (E)-1a 1 89 >99:<1 n.d.
2 (Z)-1a 1 70 9:91 93:7
3 (Z)-1a 1.5 93 6:94 92:8
4 (Z)-1a 0.5 47 20:80 92:8


Table 2. Allylic alkylations via aryl substituted p-allyl complexes.


Entry Substrate R1 R2 Ligand Yield [%] Ratio 3/4 Ratio 4
anti/syn


1 2a H H PPh3 77 60:40 93:7
2 2a H H P ACHTUNGTRENNUNG(OEt)3 69 60:40 92:8
3 2a H H P ACHTUNGTRENNUNG(OPh)3 60 60:40 89:11
4 2b OMe H PPh3 78 50:50 91:9
5 2c Cl H PPh3 74 93:7 85:15
6 2d H Cl PPh3 56 99:1 n.d.
7 2a H H dppe 72 89:11 58:42
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figured linear substrate 1a. The relatively high amount of
4a is surprising, because one might not expect, that 2a is
ionising to the anti complex, at least not in such a high ratio,
and therefore this significant memory effect must have
other reasons.


In a comparable study with malonates in the presence of
chiral ligands Pfaltz proposed a SN1-type transition state (E,
Figure 1) for such phenyl-substituted p-allyl complexes.[12]


They reported that an increase in the SN1 character of the
p-allyl intermediate resulted in a higher ratio of branched
product, and proposed to favor the SN1-type substitution by
introducing electron-withdrawing groups into the phospho-
rous ligand. But in principle this should also be true for the
linear substrate 1a, which gave absolutely no branched
product under our reaction conditions (contrary to malo-
nates). Therefore, we investigated the influence of the li-
gands on the outcome of the reaction (Table 2). Replacing
the originally used PPh3 by the more electron-withdrawing
phosphites PACHTUNGTRENNUNG(OEt)3 (entry 2)
and P ACHTUNGTRENNUNG(OPh)3 (entry 3) had no
significant effect, neither on the
regio- nor the diastereoselectiv-
ity. Only the yield dropped
slightly. Obviously, it is not pos-
sible to take significant influ-
ence on the reaction via ligands.
On the other hand, factors able
to stabilize a benzylic carbeni-
um ion should have some influ-
ence. Therefore, we varied the
substitution pattern at the aro-
matic ring system. Introduction
of electron-donating groups
should stabilize the SN1 transi-
tion state favoring the branched
product, while electron-withdrawing groups should switch
the mechanism towards SN2, providing more linear product.
That was exactly what we observed.


The p-methoxy derivative 2b (entry 4) provided a 1:1 re-
gioisomeric mixture with comparable yield and diastereose-
lectivity as the unsubstituted system. Unfortunately it was
not possible to increase this effect via stronger donating
groups (such as R1=NR2 or R


2, R2=OMe) because the cor-
responding carbonates were not stable and isomerized rap-
idly to the linear substrates, which were unsuitable for our
investigations. On the other hand, introduction of a chloride
in para-position (2c) resulted in a strong preference for the
linear product 3c, while with the 2,6-dichloro derivative 2d
linear 3d was produced exclusively. In addition to the “SN1
effect” the chloride ions in solution can also have an effect
on the regioselectivity, because they can generate asymmet-
ric p-allyl complexes.[14,20] Starting from allyl substrate 2a an
intermediate can be proposed having only one phosphine
ligand trans to the leaving group (trans effect). If nucleophil-
ic attack is fast and no isomerization occurs, the nucleophile
should come in again trans to phosphorus at the same posi-
tion of the original leaving group. To prove the proportion


of this “halide effect” to the regioselectivity we carried out
the reaction in the presence of bidentate dppe (bisdiphenyl-
phosphinoethane) which should not allow the formation of
such an unsymmetric p-allyl complex. And indeed, in this
case (Table 1, entry 7) the ratio of branched product drop-
ped to 11%. Probably this is the pure SN1 effect, while the
regioselectivity observed previously was the sum of both ef-
fects (SN1 + halide).


Based on this significant memory effect, we focused on
another interesting question: What would happen with opti-
cally active allylic substrates? Is it possible to transfer (at
least in part) the chiral information into the products? In
principle, if ionization and nucleophilic attack is fast, and
under consideration of the halide effect, optically active
products should be obtained, especially for the branched
products. Therefore, we subjected two aromatic, and for
comparison also one aliphatic allyl substrate,[26] to our reac-
tion conditions (Table 3). And indeed, an excellent chirality


transfer was observed for (S)-2a, which gave the branched
product 4a with 90% ee. In contrast, the enantiomeric
excess for the linear product was significantly lower (36%
ee). Obviously, the memory effect supports the chirality
transfer. To increase the selectivity we also carried out the
reaction at �70 8C (entry 2). In this temperature range one
has a good chance to suppress p–s–p isomerization, at least
in part. The yield obtained was comparable to our standard
condition (warming up from �78 8C to RT), but the selectiv-
ity, especially for the linear product was better (61% ee).
Replacing PPh3 by phosphites had no effect on the chirality
transfer. As a second example we chose the p-chlorophenyl
derivative (R)-2c, which gave in the racemic version mainly
linear product without significant memory effect. Obviously
the halide effect is not operating in this case, or the halide
accelerates isomerization.[19] In this case, the chirality trans-
fer was significantly worse. Although the branched side
product was obtained with 60% ee, the linear product
showed only 21% enantiomeric excess. In this case, keeping
the reaction at low temperature had no distinct effect. Obvi-
ously the degree of chirality transfer correlates with the
memory effect. To prove this theory we also investigated the


Table 3. Allylic alkylations using optically active allylic substrates 2.


Entry Substrate R X Reaction
conditions


Yield
[%]


Ratio
3/4


ee 3
[%]


ee 4
[%]


Ratio 4
anti/syn


1 (S)-2a Ph �78 8C!RT, 16 h 77 60:40 36 90 93:7
2 (S)-2a Ph �70 8C, 16 h 70 60:40 61 97 92:8
3 (R)-2c p-ClPh �78 8C!RT, 16 h 62 95:5 21 60 78:22
4 (S)-2e iBu �78 8C!RT, 16 h 77 99:1 0 n.d. n.d.
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reaction of aliphatic substrate (S)-2e. In this case, the
memory effect via a SN1 transition state should not play any
role and only the halide effect should be left over. In this
case only the linear product was formed in completely race-
mic form.


This clearly indicates that alkyl- and aryl-substituted sub-
strates behave differently, and therefore we also investigated
reactions of substrates 5 to 7 giving rise to methyl-substitut-
ed p-allyl complexes (Table 4). With these small substituents


steric effects should be minimized and therefore the forma-
tion of syn/anti-p-allyl complexes can contribute to the
memory effect. We checked the influence of the leaving
group on the selectivity of the reaction, including the new
leaving groups introduced by Norrby.[15] They introduced
isoureas as well as trichloroimidates as new leaving groups
for allylic alkylation and reported on a different ionization
behavior. While imidates (5c) give mainly the thermody-
namically more stable syn complexes, isoureas (5b) show a
relatively strong tendency towards the anti complex. In addi-
tion, these leaving groups seem to favor isomerizations. Al-
though we were mainly interested in more or less isomeriza-
tion free reactions, from a mechanistic point of view it was
interesting to have a look on these leaving groups. We start-
ed our investigations with the linear acetate 5a, which gave
the linear (8) as well as the branched product (10) in good
yield and selectivity. The results obtained are summarized in
Table 4.


An excess of enolate was used to guarantee fast and com-
plete conversion. Only traces of cis-configured product 9
were observed, which clearly indicates, that isomerization
does not play a significant role. While imidate 5c gave the
same product ratio, with isourea 5b the linear product 8 was
formed to a slightly higher extend. The best results with re-
spect to regio- and diastereoselectivity were obtained with
the phosphate leaving group (5d). This can probably be ex-
plained by the higher reactivity of the phosphates, which


allows the reaction to proceed
at lower temperature. Here, the
different reactivities of the
branched and the linear posi-
tion of the syn complex became
more significant. The higher
anti/syn selectivity is also in
good agreement with previous
investigations.


Next we investigated the re-
action of cis-configured sub-
strates 6. It was interesting to
see if the olefin geometry can
be transferred into the product,
or if the p–s–p isomerization is
faster. Recently, we could show
that with our highly reactive
enolate nucleophiles even with
substrates giving terminal p-
allyl complexes, the isomeriza-
tion can be suppressed, at least
in part. Interestingly, with ace-
tate 6a as well as imidate 6c
and phosphate 6d, branched
product 10 and cis-product 9
were obtained but no trans
product 8. Only with the isour-
ea 6b a significant rate of iso-
merization (15–20%) was ob-
served. The branched product


10 was obtained with good selectivity and slight excess com-
pared to 9, which illustrates the especially high reactivity at
the anti position, which is obviously higher than at the ter-
minal position. With these relative reactivities in hand
(Figure 2) we next focused on the branched substrates 7.


Under the assumption that with these substrates isomeri-
zation can be suppressed (except for the isourea derivative)
one should be able to calculate the ratio of syn and anti
complex formed in the ionization step from the product dis-
tribution. While the trans-product 8 can only be obtained
from the syn complex, the cis-product 9 must result from


Table 4. Influence of the leaving group (X) on the allylations using substrates 5–7.


Entry Substrate X Yield
[%]


8
[%]


9
[%]


10
[%]


Ratio 10
anti/syn


Complex
syn/anti


10 [%]
calcd


1 5a OAc 81 77 1 22 91:9
2 5b OC ACHTUNGTRENNUNG(=NiPr)NHiPr 85 82 1 17 92:8
3 5c OC ACHTUNGTRENNUNG(=NH)CCl3 71 77 <1 23 87:13
4 5d OPO ACHTUNGTRENNUNG(OEt)2 84 88 <1 12 95:5
5 6a OAc 71 2 36 62 76:24
6 6b OC ACHTUNGTRENNUNG(=NiPr)NHiPr 82 14 38 48 89:11
7 6c OC ACHTUNGTRENNUNG(=NH)CCl3 91 2 43 55 87:13
8 6d OPO ACHTUNGTRENNUNG(OEt)2 87 1 44 55 88:12
9 7a OAc 68 66 6 28 85:15 85:15 25
10 7b OC ACHTUNGTRENNUNG(=NiPr)NHiPr 75 32 23 45 86:14 40:60 41
11 7c OC ACHTUNGTRENNUNG(=NH)CCl3 84 82 4 14 92:8 90:10 23
12 7d OPO ACHTUNGTRENNUNG(OEt)2 85 27 31 42 88:12 30:70 44
13 7e OPO ACHTUNGTRENNUNG(OPh)2 57[a] 41 23 36 91:9 50:50 37
14 7 f OPOPh2 64[a] 45 24 31 90:10 50:50 37
15 7g OTs 60[a] 54 14 32 85:15 70:30 30
16 7h OCOOtBu 79[a] 66 10 24 93:7 80:20 27


[a] 1.2 equiv of enolate were used.


Figure 2. Estimated relative reactivities of syn and anti complexes.
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the anti complex. The compari-
son of the four leaving groups
clearly demonstrates, that the
leaving group has a very strong
influence on the syn/anti-com-
plex ratio, and therefore also
on the regioselectivity of the
nucleophilic attack. While the
acetate 7a and especially the
imidate 7c show a high prefer-
ence for the syn complex, the
isourea 7b and the phosphate
7d favor the anti complex.
These results are in good agree-
ment with those obtained by
Norrby et al. The diethylphos-
phate group seems to be superi-
or to other leaving groups, both
with respect to yield and selec-
tivity. The memory effect ob-
served is the strongest of all
leaving groups investigated so far. Some further examples
are collected in Table 4 (entries 13–16). Even replacing the
ethoxy groups on the phosphorus by other aryloxy groups
resulted in a decrease of anti complex coming close to a 1:1
mixture. Other leaving groups such as tosyl (7g, entry 15) or
carbonate 7h show a much higher tendency towards the syn
complex.


If no isomerization occurs, the rate of branched product
can be calculated from the syn/anti-complex ratio and the
estimated relative reactivities (Figure 2). These calculated
values are also incorporated in Table 4. And indeed, the
measured and calculated rates are in relatively good agree-
ment, except for the imidate 7c. Here, the amount of
branched product was significantly lower than expected. Ob-
viously, in this case isomerization might play a role,[15] al-
though in case of the linear substrate 6c no isomerization
was observed. This might be caused by the large excess of
chloride (100-fold compared with Pd) in solution, although
the “halide effect” on the regioselectivity was not signifi-
cant. This is different to the situation observed with the
aryl-substituted substrates, where Cl� made a significant
contribution to the memory effect. In no example the ratio
of the branched product was significantly higher than ex-
pected. This is in contrast to the results obtained by Norrby
in their studies with malonates. Here already traces of Cl�


showed a significant effect via the formation of unsymmetri-
cal p-allyl complexes.


To prove if unsymmetrical p-allyl complexes might help
to increase the rate of branched product, we investigated
the reaction of phosphate 7d (44% calculated 10) under
chloride free conditions (Table 5) and in the presence of bi-
dentate ligands. While with Zn ACHTUNGTRENNUNG(OTf)2 as chelating metal salt
only decomposition was observed, with Zn ACHTUNGTRENNUNG(OAc)2 an accept-
able yield was obtained, with a high preference (71%) for
the branched product. This was quite surprising, and proba-
bly acetate also forms an unsymmetrical p-allyl complex


(Figure 3) showing a strong trans effect. To prove, if this is
also valid for other carboxylates we investigated Zn-ben-
zoate, which was generated in situ from Et2Zn and benzoic
acid. In this case the yield was much better and the reaction
also showed a high ratio of branched product.


Obviously, the coordination of the carboxylate to the pal-
ladium is weaker than the coordination of chloride. In prin-
ciple, such an unsymmetrical allyl complex can also be
formed if allyl carboxylates such as 7a are used as sub-
strates. But in this case the ratio of branched product was
only slightly increased. Probably acetate competes with the
chloride and PPh3 for the coordination side on the palladi-
um. The formation of such an unsymmetrical complex
should be completely suppressed in the presence of symmet-
rical bidentate ligands such as bis(diphenylphosphino)-
ethane (dppe). And indeed, in this case the linear trans-
product 8 was the predominant product (table 5, entry 4).
Only 3% of cis product was formed, indicating that under
these reaction conditions isomerization occurred nearly
completely. The ratio of linear to branched product was
close to 80:20, the estimated relative reactivities of the dif-
ferent allylic positions of the syn complex (Figure 2). Obvi-
ously, the halide effect on the product distribution can be
neglected under our reaction conditions.


On the other hand, bidentate ligands which support the
trans effect via different coordinating groups should increase
the rate of 10. Therefore, we synthesized achiral bidentate
phospite oxazolines L1 and L2 (Figure 4), comparable li-


Figure 3. Unsymmetrical p-allyl complexes.


Table 5. Allylic alkylations using optically active allylic substrates 7d.


Entry X Catalyst Ligand Yield [%] 8
[%]


9
[%]


10
[%]


Ratio 10
anti/syn


1 Cl ACHTUNGTRENNUNG[(allyl)PdCl]2 4.5% PPh3 85 27 31 42 88:12
2 OAc[a] [Pd ACHTUNGTRENNUNG(PPh3)4] – 71 7 32 61 50:50
3 OBz[b] [Pd ACHTUNGTRENNUNG(PPh3)4] – 81 11 25 64 67:33
4 Cl ACHTUNGTRENNUNG[(allyl)PdCl]2 2.5% dppe 48 80 3 17 85:15
5 Cl ACHTUNGTRENNUNG[(allyl)PdCl]2 2.5% L1 50 28 17 55 72:28
6 Cl ACHTUNGTRENNUNG[(allyl)PdCl]2 2.5% L2 14 36 2 62 82:18


[a] Because of the low solubility of Zn ACHTUNGTRENNUNG(OAc)2 in THF, the enolate solution has to be warmed up to room tem-
perature to form the chelate complex. At lower temperatures side reactions such as N-alkylation or double al-
lylation were observed. [b] Reaction conditions: 1.1 equiv ZnEt2, 2.2 equiv BzOH.
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gands as those used by Pfaltz during his investigations of
asymmetric allylations.


As expected, with these ligands the branched product 10
was the major one. The relatively high amount of trans
product 8 in relation to 9 indicates that some isomerization
occurs. This is especially true for ligand L2 with electron-
withdrawing groups on the phosphorus. Here nearly no cis
product was obtained, but more branched product as with
phosphite L1. The electron withdrawing groups should shift
the reaction mechanism more to SN1-type, which should also
favor the branched product.


Conclusion


In summary, we could show that several factors influence
the product ratios of allylic alkylations. By using highly reac-
tive chelated enolates, these influences could be investigated
in detail, because isomerization processes which complicate
such studies can be suppressed in most cases. The product
distribution strongly depends on the substrates used.


Experimental Section


General remarks : All air- or moisture-sensitive reactions were carried
out in oven-dried glassware (60 8C) under an atmosphere of argon. Dried
solvents were distilled before use: THF was distilled from LiAlH4,
CH2Cl2 was dried with CaH2 before distillation. The products were puri-
fied by flash chromatography on silica gel columns (Macherey-Nagel 60,
0.063–0.2 mm). Mixtures of ethyl acetate and hexane were generally used
as eluents. Analytical TLC was performed on pre-coated silica gel plates
(Macherey-Nagel, Polygram SIL G/UV254). Visualization was accom-
plished with UV-light, KMnO4 solution or iodine. Melting points were
determined with a MEL-TEMP II apparatus and are uncorrected. 1H and
13C NMR spectra were recorded with Bruker AC-400 [400 MHz (1H) and
100 MHz (13C)] or Bruker DRX-500 [500 MHz (1H) and 125 MHz (13C)]
spectrometers in CDCl3. Chemical shifts are reported in ppm (d) with re-
spect to TMS, and CHCl3 was used as the internal standard. Selected sig-
nals for the minor diastereomers are extracted from the spectra of the
diastereomeric mixture. Diastereomeric or enantiomeric excesses were
determined by GC on a Varian Chrompack CP-3380 instrument equipped
with a chiral Permabond-l-Chirasil-Val column. Optical rotations were
measured with a Perkin-Elmer 341 polarimeter at the sodium D line
(589 nm). Mass spectra were recorded with a Finnigan MAT 95 spec-
trometer using the CI technique. Elemental analyses were performed at
the Saarland University.


General procedure for palladium-catalyzed allylic alkylations : LHMDS
in THF (1 mL) was prepared by slowly addition of 1.6m nBuLi (0.39 mL,
0.625 mmol) to HMDS (111 mg, 0.69 mmol) at �20 8C. This solution was
cooled to �78 8C before it was added to the protected amino acid ester
(0.25 mmol) in THF (1 mL). After 20 min at �78 8C a solution of ZnCl2
(38 mg, 0.275 mmol) in THF (1 mL) was added under vigorous stirring.
After additional 30 min a mixture of [allylPdCl]2 (1 mg, 2.5 mmol,
1 mol%), PPh3 (3 mg, 11.3 mmol, 4.5 mol%) and the corresponding allylic
substrate in THF (2 mL) was added. The solution was stirred and


warmed up to room temperature in the cooling bath overnight (for GC
measurements, samples were taken after warm up by syringe under
argon). Subsequently, the solution was diluted with diethyl ether and hy-
drolyzed with 1n KHSO4 solution. The aqueous layer was extracted
twice with diethyl ether, and the combined organic phases were dried
with anhydrous Na2SO4. After evaporation of the solvent the crude prod-
uct was purified by silica gel column chromatography.


tert-Butyl (2S,E)-5-phenyl-2-(trifluoroacetyl)amino-4-pentenoate (3a)
and tert-butyl (2R,3S)-3-phenyl-2-(trifluoroacetyl)-amino-4-pentenoate
(4a): According to the general procedure for palladium-catalyzed allylic
alkylations TFA-protected tert-butylglycinate (57 mg, 0.25 mmol) was re-
acted with allyl carbonate (S)-2a (51 mg, 0.25 mmol). Flash chromatogra-
phy (silica gel, hexanes/ethyl acetate 9:1) gave rise to an inseparable mix-
ture of 3a and 4a (ratio 3a/4a 6:4) as a colorless oil (66 mg, 0.19 mmol,
77%). (2S,E)-3a : 36% ee ; 1H NMR (500 MHz, CDCl3): d=1.47 (s, 9H;
CH3), 2.77 (m, 2H; CH2), 4.61 (dt, J=7.2, 5.6 Hz, 1H; CHN), 6.02 (m,
1H; CH2CH), 6.46 (d, J=15.7 Hz, 1H; PhCH), 7.01 (br s, 1H; NH),
7.20–7.34 ppm (m, 5H; ArH); 13C NMR (125 MHz, CDCl3): d=27.7
(CH3), 35.1 (CH2), 53.6 (CHN), 83.3 (CCH3), 115.5 (JF=291 Hz; CF3),
122.1 (CH2CH), 126.0, 127.5, 128.4 (ArCH), 134.6 (PhCH), 138.1
(ArCC), 156.0 (J=38 Hz; CF3CO), 169.0 ppm (COO); GC (Chirasil-Val,
145 8C, isothermic): tR(2R) = 19.03 min, tR(2S) = 21.60 min; (2R,3S)-4a :
anti/syn 93:7, 90% ee ; 1H NMR (500 MHz, CDCl3): d=1.22 (s, 9H;
CH3), 3.65 (dd, J=8.7, 8.7 Hz, 1H; PhCH), 4.57 (dd, J=8.6, 8.6 Hz, 1H;
CHN), 5.15–5.20 (m, 2H; CHCH2), 6.02 (m, 1H; CH2CH), 6.86 (br s, 1H;
NH), 7.20–7.34 ppm (m, 5H; ArH); 13C NMR (125 MHz, CDCl3): d=


27.4 (CH3), 52.6 (PhCH), 56.5 (CHN), 83.5 (CCH3), 115.5 (JF=291 Hz;
CF3), 118.5 (CH2CH), 127.37, 127.43, 128.0 (ArCH), 135.8 (CH2CH),
136.4 (ArCC), 156.4 (J=38 Hz; CF3CO), 168.6 ppm (COO); (2R,3R)-4a
(selected signals): 13C NMR (125 MHz, CDCl3): d =27.6 (CH3), 51.6
(PhCH), 56.3 (CHN), 118.3 (CH2CH), 134.9 ppm (CH2CH); GC (Chira-
sil-Val, 145 8C, isothermic): tR(2R,3R) = 6.89 min, tR(2S,3S) = 7.23 min, tR(2R,3S)


= 8.05 min, tR(2S,3R) = 9.12 min; elemental analysis calcd (%) for
C17H20F3NO3 (343.35): C 59.47, H 5.87, N 4.08; found: C 59.29, H 6.12, N
4.08.


tert-Butyl (E)-2-(trifluoroacetyl)amino-4-hexenoate (8): According to the
general procedure for palladium-catalyzed allylic alkylations TFA-pro-
tected tert-butylglycinate (114 mg, 0.5 mmol) was treated with (E)-crotyl
phosphate 5d (52 mg, 0.25 mmol). Flash chromatography (silica gel, hex-
anes/ethyl acetate 9:1) gave rise to an inseparable mixture of 8 and 10
(ratio 8/10 88:12) as a colorless oil (59 mg, 0.21 mmol, 84%). 8 : 1H NMR
(500 MHz, CDCl3): d=1.45 (s, 9H; CCH3), 1.63 (dd, J=6.6, 1.5 Hz, 3H;
CHCH3), 2.51 (m, 2H; CH2), 4.46 (m, 1H; CHN), 5.24 (m, 1H; CH2CH),
5.52 (m, 1H; CH3CH), 6.88 ppm (br s, 1H; NH); 13C NMR (125 MHz,
CDCl3): d =17.6 (CHCH3), 27.7 (CCH3), 34.6 (CH2), 52.5 (CHN), 82.97
(CCH3), 115.9 (JF=287 Hz; CF3), 123.1 (CH3CH), 130.6 (CH2CH), 156.2
(J=37 Hz; CF3CO), 169.2 ppm (COO); GC (Chirasil-Val, 80 8C, 30 min;
1 8Cmin�1; 100 8C, 20 min): tR(R) = 38.56 min, tR(S) = 39.87 min; HRMS
(CI): m/z : calcd for C12H18NO3F3: 281.1239, found: 281.1213 [M]+ ; ele-
mental analysis calcd (%) for C12H18NO3F3 (281.27): C 51.24, H 6.45, N
4.98; found: C 51.32, H 6.33, N 4.64.


tert-Butyl (Z)-2-(trifluoroacetyl)amino-4-hexenoate (9) and tert-butyl 3-
methyl-2-(trifluoroacetyl)amino-4-pentenoate (10): According to the gen-
eral procedure for palladium-catalyzed allylic alkylations TFA-protected
tert-butylglycinate (114 mg, 0.5 mmol) was treated with (Z)-crotyl phos-
phate 6d (52 mg, 0.25 mmol). Flash chromatography (silica gel, hexanes/
ethyl acetate 9:1) gave rise to an inseparable mixture of 9 and 10 (ratio
9/10 44:55) as a colorless oil (61 mg, 0.22 mmol, 87%). 9 : 1H NMR
(400 MHz, CDCl3): d=1.48 (s, 9H; CCH3), 1.60 (dd, J=6.9, 1.5 Hz, 3H;
CHCH3), 2.55 (m, 1H; CH2), 2.74 (m, 1H; CH2), 4.55 (td, J=7.2,
5.3 Hz,1H; CHN), 5.25 (m, 1H; CH2CH), 5.69 (m, 1H; CH3CH),
6.93 ppm (br s, 1H; NH); 13C NMR (125 MHz, CDCl3): d =12.9
(CHCH3), 27.9 (CCH3), 28.9 (CH2), 52.7 (CHN), 83.3 (CCH3), 115.8
(JF=288 Hz; CF3), 122.3 (CH3CH), 129.2 (CH2CH), 156.7 (J=37 Hz;
CF3CO), 169.4 ppm (COO); GC (Chirasil-Val, 80 8C, 30 min; 1 8Cmin�1;
100 8C, 20 min): tR(R) = 42.04 min, tR(S) = 43.12 min; anti-10 : 1H NMR
(500 MHz, CDCl3): d=1.07 (d, J=7.0 Hz, 3H; CHCH3), 1.46 (s, 9H;
CCH3), 2.82 (dqdt, J=7.5, 7.0, 4.5, 1.0 Hz, 1H; CH3CH), 4.47 (dd, J=8.5,


Figure 4. Bidentate ligands used.
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4.5 Hz, 1H; CHN), 5.12 (dd, J=17.0, 1.0 Hz, 1H; CH2), 5.25 (dd, J=


11.0, 1.0 Hz, 1H; CH2), 5.67 (ddd, J=17.5, 10.5, 7.5 Hz, 1H; CH2CH),
6.67 ppm (br s, 1H; NH); 13C NMR (125 MHz, CDCl3): d =15.8
(CHCH3), 28.0 (CCH3), 40.2 (CH3CH), 56.8 (CHN), 83.3 (CCH3), 115.8
(JF=286 Hz; CF3), 117.4 (CH2), 136.9 (CH2CH), 157.0 (J=38 Hz;
CF3CO), 168.9 (COO); syn-10 (selected signals): 1H NMR (500 MHz,
CDCl3): d=1.09 (d, J=7.0 Hz, 3H; CHCH3), 2.72 (m, 1H; CH3CH), 5.07
(dd, J=17.0, 1.0 Hz, 1H; CH2), 6.80 ppm (br s, 1H; NH); 13C NMR
(125 MHz, CDCl3): d=15.3 (CHCH3), 40.6 (CH3CH), 56.5 (CHN), 83.5
(CCH3), 116.9 (CH2), 137.5 (CH2CH), 168.7 ppm (COO); GC (Chirasil-
Val, 80 8C, 30 min; 1 8Cmin�1; 100 8C, 20 min): tR(2R,3R) = 26.55 min,
tR(2R,3S)= tR(2S,3S)=27.71 min, tR(2S,3R) = 28.82 min; HRMS (CI): m/z : calcd
for C12H18NO3F3 [M]+ : 281.1239, found: 281.1213; elemental analysis
calcd (%) for C12H18NO3F3 (281.27): C 51.24, H 6.45, N 4.98; found: C
51.32, H 6.33, N 4.64.
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Polyhedral Structures with an Odd Number of Vertices: Nine-Coordinate
Metal Compounds


Antonio Ruiz-Mart)nez, David Casanova, and Santiago Alvarez*[a]


Introduction


The definition of the spatial arrangement of a set of atoms
in chemical structures, either molecular or extended, by
means of the vertices of ideal polyhedra has formed part of
the language of modern chemistry since the definitive intro-
duction of the tetrahedron by Van �t Hoff and the octahe-
dron by Werner at the end of the 19th century. Polyhedra
can thus represent the metallic core of clusters or cage com-
pounds, which are a set of ions held together by electrostatic
forces and repeated periodically in an extended solid, or the
coordination sphere of a particular atom in a molecule or
network. Even the organization of molecular building
blocks in supramolecular units is often well represented by
polyhedra, which in some cases are obtained by design
through the appropriate choice of the chemical groups that
hold the vertex atoms in place. Although we can represent
such a diversity of chemical structures in terms of a


common set of ideal polyhedra, we must not forget that the
relationships between vertices differ depending on the type
of compound we are observing. Hence, in a cluster the poly-
hedral edges may correspond to chemical bonds, whereas
they do not represent bonds in either supramolecular or co-
ordination polyhedra. In coordination polyhedra the vertices
are only linked indirectly through the common central
atom, whereas in a supramolecular structure the vertices are
usually linked by more or less elaborate chemical groups
that may correspond topologically to the edges or faces.
The application of the polyhedral paradigm usually focus-


es on the most common structures with a small number of
atoms (which form polyhedra with four to six vertices) and
on those with a larger number of atoms that can be de-
scribed by highly symmetric Platonic and Archimedean
polyhedra with 8, 12, 20, 24, or 60 vertices. Nine-vertex
structures belong to neither of these two categories and for
that reason have been the object of few systematic studies.
A classic book on inorganic stereochemistry published two
decades ago, for instance, makes reference to only a few
tens of nine-coordinate rare-earth complexes,[1] whereas the
earlier stereochemical study by Guggenberger and Muetter-
ties focused only on ten coordination compounds and three
clusters.[2] A thorough review published one year later by
Drew provides a wider compilation of structural data that
covers almost 70 structures, but considers only the tricapped
trigonal prism and the capped square antiprism as reference
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polyhedra.[3] The exponential growth of the number of
known structures with nine-coordinated rare-earth or transi-
tion-metal atoms since those reviews were published is re-
flected by the data found in the Cambridge Structural Data-
base (Figure 1). There are additional problems because
often the experimental structures deviate to a significant


degree from the ideal shapes and also because the alterna-
tive ideal polyhedra differ from each other by small atomic
displacements, which therefore, makes the assignment of a
polyhedral shape to a structure complicated.
To facilitate a better structural description of nine-coordi-


nate structures and to search for general trends in their ste-
reochemistry, we present herein a systematic study in which
we first propose a variety of reference nine-vertex shapes,
which include Johnson polyhedra[4] and other less regular
shapes found in chemical structures. Second, we analyze the
structural characteristics of nine-coordinated metal atoms in


coordination compounds and extended solids within the
framework of the continuous shape measures (CShMs) ap-
proach. A related analysis of nine-vertex clusters and ennea-
nuclear supramolecular assemblies form a second part of
this work and will be reported independently.


Results and Discussion


Continuous shape measures (CShMs): Following the propos-
al by Avnir and co-workers[5,6] to consider symmetry and
polyhedral shape as continuous properties that can be quan-
tified from structural data, we have applied these concepts
and the associated methodology to the stereochemical anal-
ysis of very large sets of molecular structures, which includes
systems with four-,[7] six-,[8] seven-,[9] and eight-vertex[10]


polyhedra. The so-called CShMs approach[5,11] essentially
allows one to numerically evaluate by how much a particu-
lar structure deviates from an ideal shape (e.g., a poly-
hedron). The CShM of a set of N atoms (in the present case
N=9 for empty polyhedra and N=10 for centered poly-
hedra) relative to a polyhedron P, characterized by their po-
sition vectors {Qi}, is defined by Equation (1):


SQðPÞ ¼ min


PN
i¼1
jQi�P ij2


PN
i¼1
jQi�Q0j2


100 ð1Þ


in which Pi are the position vectors of the corresponding
vertices in reference polyhedron P and Q0 is the position
vector of the geometrical center of the problem structure.
The minimum is taken for all possible relative orientations
in space, isotropic scaling, and for all possible pairings of the
vertices of the problem and reference polyhedra. As a con-
sequence, two shapes are identical within the CShMs ap-
proach if they differ only in size and/or orientation in space.
For the study of coordination compounds, only those vertex
permutations that leave the metal atom in the center of the
polyhedron are considered. With such a definition, SQ(P)=0
corresponds to structure Q fully coincident in shape with
reference polyhedron P. Larger SQ(P) values correspond to
larger distortions of Q from P, in which SQ(P)=100 is the
upper limit that corresponds to the hypothetical case in
which all atoms of Q occupy the same point in space.
A particular advantage of such an approach is that struc-


tures that cannot properly be described by an ideal poly-
hedron may in some instances be described as being along
the path for the interconversion of two such polyhedra,
which takes advantage of our definition of the minimal dis-
tortion interconversion pathways and the corresponding
path deviation functions,[12] and are discussed briefly below.


Nine-vertex reference polyhedra : Prior to the stereochemi-
cal analysis of a variety of chemical structures, it was neces-
sary to define the ideal shapes that we may use to describe


Abstract in Spanish: Se presenta un estudio estereoqu�mico
de compuestos nonacoordinados de metales de transici�n y
tierras raras, desde el punto de vista de las Medidas Conti-
nuas de Forma (CShM) y las herramientas que de ellas se de-
rivan. Se han definido diversos poliedros de referencia de
nueve v%rtices y se han establecido sus caminos de intercon-
versi�n de m�nima distorsi�n. Se presenta un mapa de forma
te�rico en el que se pueden ubicar las estructuras segffln su
distancia en el espacio CShM al antiprisma cuadrado cofiado
y al prisma trigonal tricofiado, los poliedros m)s comunes en
compuestos nonacoordinados. Todo ello se ha aplicado al es-
tudio de cerca de 2.000 estructuras de esferas de coordinaci�n
en compuestos moleculares y en estructuras infinitas de s�li-
dos. Para algunas familias de compuestos, agrupados segffln
el tipo de ligandos coordinados al metal, se pueden establecer
tendencias estereoqu�micas claras, como aquellos que se en-
cuentran a lo largo de los caminos de interconversi�n entre el
antiprisma cuadrado cofiado y el prisma trigonal tricofiado,
o entre el prisma trigonal tricofiado y el icosaedro tridismi-
nuido.


Figure 1. Evolution of the accumulated number of structures with nine-
coordinated rare-earth and transition-metal atoms in the Cambridge
Structural Database.
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nine-vertex polyhedra. As there are no Platonic, Archime-
dean, or Catalan polyhedra with nine vertices, and as no
prisms or antiprisms can be made with an odd number of
vertices, the only semiregular three-dimensional figures we
may consider are the octagonal pyramid, the heptagonal bi-
pyramid, and five Johnson polyhedra. These are the capped
cube (J-CCU), the capped square antiprism (J-CSAPR), the
tricapped trigonal prism (J-TCTPR), the tridiminished ico-
sahedron (J-TDIC), and the triangular cupola (J-TC).[13] As


these polyhedra[4] have by defi-
nition all edges of the same
length, they may be suitable to
describe the structures of clus-
ters or polynuclear complexes
in which edges correspond to
metal�metal bonds (or metal-
bridging ligand�metal sequen-
ces). In contrast, in coordina-
tion compounds it is the vertex-
to-center distance that is ap-
proximately the same for all
vertices, a feature not necessari-
ly compatible with identical
edge lengths. Therefore, we will
use spherical versions of the
Johnson polyhedra for coordi-
nation compounds in this work,
but the ideal Johnson geome-
tries for future analysis of clus-
ters and polynuclear complexes. We note that if the capping
atoms are just added on top of the capped polyhedron in
such a way that its distance to the center of the polyhedron
is the same as that of the other vertices, then the capping
edge lengths are much shorter than the rest of the poly-
hedral edges. In other words, the ideal polyhedra should
relax after capping in such a way as to have comparable
edge lengths, although this occurs at the cost of the regular
polygonal nature of some or all of the faces. These “re-


laxed” polyhedra, which are defined with the help of a hard
spheres model, will be used here as ideal shapes and will be
identified by the prefix r, whereas the “unrelaxed” spherical
versions that may be used in some instances for convenience
will be labeled with the prefix s and the Johnson versions
(regular polygonal faces, all edges of the same length but
not spherical) with the prefix J. The characteristics of these
nine-vertex polyhedra are summarized in Table 1, together
with the abbreviations used in this paper.


A systematic notation for de-
scribing both regular and irreg-
ular polyhedra implies grouping
the vertices into sets that are
related by pseudosymmetry ro-
tation axes and expressing the
number of atoms in each set.
Thus, both the CCU and the
CSAPR can be described as
1:4:4 polyhedra, whereas the
TDIC and the TCTPR can be
described as 3:3:3 figures. This
notation indicates that in each
case there are three sets of ver-
tices related by tetragonal and
trigonal axes, respectively. The
irregular muffin (MFF) shape


that will be used below does not have a symmetry axis, but
it has a set of three vertices related by a two-fold pseudo-
symmetry axis, another set of five vertices related by a coli-
near five-fold pseudosymmetry axis, and the remaining
vertex is sitting on this axis. Therefore, we describe the MFF
as a 1:5:3 and the hula hoop (HH) as a 1:6:2 polyhedron.
With this scheme it is easy to realize that the 4:5 and 2:5:2
arrangements represent two missing polyhedra in our refer-
ence set. The former could be found in complexes with rigid


Table 1. Names, abbreviations, and main characteristics of the ideal nine-vertex shapes used in this work.


Ideal shape Abbreviation[a] Symmetry Vertices Edges


triangular cupola J-TC C3v 3:6 equivalent
tricapped trigonal prism J-TCTPR D3h 3:3:3 equivalent
(spherical version) s-TCTPR dissimilar


r-TCTPR hard spheres
capped square antiprism J-CSAPR C4v 1:4:4 equivalent


s-CSAPR dissimilar
r-CSAPR hard spheres


muffin MFF C2v 1:5:3 hard spheres
capped cube -Johnson J-CCU C4v 1:4:4 equivalent


-spherical s-CCU dissimilar
-relaxed r-CCU hard spheres


hula hoop HH C2v 1:6:2 hard spheres
tridiminished icosahedron TDIC C3v 3:3:3 equivalent
heptagonal bipyramid HBPY D7h 1:7:1
pentagonal cupola[b] PC 4:5


[a] The prefix J indicates a Johnson polyhedron, whereas the prefix s indicates the corresponding spherical ver-
sion and r corresponds to the spherical relaxed (hard spheres) structure. [b] The nine-vertex cupola with a pen-
tagonal base is an irregular polyhedron that should not be confused with the Johnson 15-vertex pentagonal
cupola.


Chem. Eur. J. 2008, 14, 1291 – 1303 H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1293


FULL PAPERPolyhedral Structures



www.chemeurj.org





pentadentate macrocyclic ligands or in mixed sandwich com-
plexes with p-bonded cyclobutadienediide and cyclopenta-
dienide ligands, a family formed by more than 200 struc-
tures, but with a significantly elongated shape because the
pentagonal and tetragonal faces correspond to chemical
bonds, although these two polygons are at a nonbonding dis-
tance and are connected through a metal atom. So far we
have not found any coordination compounds that could be
described as 2:5:2 polyhedra.
The TC can be considered as hemispherical in the sense


that it is derived from the spherical Archimedean cubocta-
hedron by removing the vertices from one of the hemi-
spheres. For this reason it is not appropriate for coordina-
tion spheres and no structures with such a geometry have
been found in this study.


Interconversion pathways and shape maps : In a CShM struc-
tural analysis of a given molecule, we can compare the
measures obtained with respect to the different ideal poly-
hedra and decide which of them best describes the molecu-
lar geometry merely by choosing the smallest CShMs value.
This numerical value also gives an indication of how distort-
ed the structure is from the reference shape. Let us consider
some simple examples. In considering the PuN9 group in the
[Pu ACHTUNGTRENNUNG(NCMe)9]


3+ ion, we can visually recognize its CSAPR
shape (Figure 2), a fact that is automatically revealed by the
small value of the corresponding shape measure, S ACHTUNGTRENNUNG(r-
CSAPR)=0.07. The structure of the [Nd ACHTUNGTRENNUNG(H2O)9]


3+ ion,[14]


however, is hard to classify as either a CSAPR or as a
TCTPR. Its shape measures relative to the two ideal poly-
hedra, SACHTUNGTRENNUNG(r-CSAPR)=0.39 and S ACHTUNGTRENNUNG(r-TCTPR)=0.40, tell us


that it is equidistant from them. In a case such as this we
could use the definitions of the minimal distortion pathway
and the path deviation function[12] to see whether or not our
structure actually belongs to the interconversion path be-
tween those two reference shapes.
A minimal distortion pathway between two reference


shapes can be defined in terms of CShMs.[12] The path devia-
tion function, on the other hand, tells us whether a molecu-
lar structure lies along that path, or more precisely, by how
much it deviates from it. Thus, we can measure such a devia-
tion if we know its shape measures relative to two reference
polyhedra. This is done by calculating the path deviation
function presented in Equation (2), which calibrates the de-
viation of structure X from the minimal distortion intercon-
version pathway between reference shapes P and T. The
values of the mutual shape measures between pairs of ideal
polyhedra, SP(T), are presented in Table 2.


DXðP,TÞ ¼
1


asin
ffiffiffiffiffiffiffiffi
SPðTÞ
p


10


�
asin


ffiffiffiffiffiffiffiffiffiffiffiffi
SXðPÞ


p
10


þ asin
ffiffiffiffiffiffiffiffiffiffiffiffiffi
SXðTÞ


p
10


�
�1 ð2Þ


According to the definition given in Equation (2), the de-
viation from a path is given as a percentage of the total dis-
tance between the two polyhedra at the extremes of that
path. For practical purposes we arbitrarily consider devia-
tions larger than 15% to be too large to consider a structure
to belong to the interconversion path. By using these tools,
it becomes straightforward to determine that the coordina-
tion sphere of the Nd1 atom in a particular salt of the [Nd-
ACHTUNGTRENNUNG(H2O)9]


3+ cation[14] (Figure 2, right) lies approximately along
the r-CSAPR/r-TCTPR interconversion pathway (D=16%).
When dealing with large numbers of structures we have


found that the analysis of the shape measures is best done
by means of shape maps,[8,16] that is, scatterplots of the
shape measures relative to two ideal polyhedra. As specific
distortions appear in the shape maps as well defined lines,
the position of a given molecule in the shape map offers us
a good idea of the type of distortion that it presents, al-
though this technique does not always give an unequivocal
description of the distortion. A discussion of the advantages
of using shape measures and maps instead of bond angles
for shape classification has been presented elsewhere.[10]


Figure 2. r-CSAPR coordination sphere of the plutonium ion in the [Pu-
ACHTUNGTRENNUNG(NCMe)9]


3+ complex[15] (left) and distorted r-CSAPR geometry of the
[Nd ACHTUNGTRENNUNG(H2O)9]


3+ cation (right).[14]


Table 2. Reciprocal shape measures SP(T) (upper triangle) and minimal distortion interconversion angles qPT (lower triangle, in degrees) between the
reference nine-vertex polyhedra (see Figure 2 and Table 1 for drawings and names).


r-TCTPR s-TCTPR r-CSAPR MFF TDIC s-CCU HH J-TC HBPYR


r-TCTPR 0 1.0768 1.1686 2.0446 11.8244 11.0336 14.3595 18.4168 21.4911
s-TCTPR 5.9558 0 1.2952 2.0132 15.2054 10.3122 12.3359 14.5241 20.6959
r-CSAPR 6.2056 6.5348 0 0.8173 13.9245 9.5635 13.4187 17.3103 21.0819
MFF 8.2210 8.1571 5.1868 0 13.5508 9.6879 11.2289 16.5406 18.5860
TDIC 20.1123 22.9504 21.9099 21.5996 0 15.4194 9.3828 14.3480 16.4991
s-CCU 19.4006 18.7313 18.0142 18.1348 23.1215 0 6.4014 16.1482 15.3018
HH 22.2681 20.5624 21.4888 19.5784 17.8376 14.6557 0 12.6796 14.7666
J-TC 25.4134 22.4020 24.5859 23.9982 22.2586 23.6942 20.8608 0 20.5034
HBPYR 27.6190 20.6959 27.3324 25.5386 23.9653 23.0279 22.5990 26.9238 0
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For those readers not familiar with shape maps, analogies
with road maps might be helpful. Thus, reference shapes are
analogous to main cities, minimal distortion paths corre-
spond to main roads between cities, and specific distorted
structures are equivalent to small towns. With these analo-
gies one can understand how to proceed to choose the two
ideal shapes for a shape map. As there are nACHTUNGTRENNUNG(n�1) possible
shape maps (in which n is the number of ideal shapes), we
select a map in which the two cities closest to most of the
towns we are interested in appear. This requires a previous
analysis of the set of structures under analysis to find out
which are the two most relevant shapes, that is, those for
which most structures present small shape measures. In an-
other respect, the representation of the minimal distortion
path is useful even if the actual structures deviate signifi-
cantly from that path, in the same way that the main high-
ways are useful in a road map even when we are traveling
to a small town that must be reached by a detour of a few
kilometers by a side road.
For the subsequent discussion of experimental structural


data we will mostly use a shape map relative to the two
most common ideal structures in nine-coordinate complexes,
the CSAPR and the TCTPR (Figure 3). The first feature to
be noted is the small distance between the two ideal shapes


considered, especially when compared with the correspond-
ing distances between reference polyhedra of smaller coor-
dination numbers (Table 3). Secondly, we can see that the
capped cube (s-CCU), the J-TDIC, and the HH are geomet-
rically far from the chosen reference shapes, whereas the al-
ternative definitions of those reference shapes (s-CSAPR, J-


CSAPR, s-TCTPR, and J-TCTPR) and the MFF are much
closer. Finally, we must point out that the interconversion
pathway between the TCTPR and the CSAPR proposed by
Guggenberger and Muetterties[2] corresponds to a minimal
distortion path in the sense of the continuous shape meas-
ures.


Overview of nine-coordinate transition-metal and rare-earth
compounds : Most of the experimental data analyzed in this
section were retrieved from the Cambridge Structural Data-
base[17] (version 5.28) and from the Karlsruhe ICSD data-
base (version 06-11-13) in searches for compounds with a
metal atom belonging to periodic Groups 3–12 or to the lan-
thanide or actinide families and defined in the database as
coordinated by nine donor atoms belonging to Groups 14–
17. The following restrictions were applied: Hydride ligands
were disregarded owing to the problems associated with lo-
cating them by X-ray crystallography in the vicinity of metal
atoms (although we retained the homoleptic enneahydrido
complexes because of their paradigmatic character) and no
p-bonded ligands were allowed. To analyze separately ho-
moleptic compounds with only monodentate ligands, we ad-
ditionally restricted the metal�ligand bonds to acyclic ones.
No restrictions were imposed regarding the existence of dis-
order or the values of the agreement factors R owing to the
relatively small number of structures found. A total of 2075
crystallographically independent structural data sets were
found. Of these, the largest proportion is provided by lan-
thanide compounds. Among the lanthanides, the largest
number of nine-coordinate structures correspond to europi-
um, gadolinium, neodymium, and lanthanum (Figure 4), and
varying numbers of compounds were found for the rest of
the lanthanides, except for the artificial promethium, for
which no structure appears. Transition-metal compounds
constitute only 6% of the nine-coordinate structures, most
of which have yttrium as the central atom, with the rest dis-
tributed between cadmium, hafnium, nickel, scandium, tung-
sten, and zirconium. Barely 3% of nine-coordinate struc-
tures correspond to actinide compounds.


Figure 3. Shape map for ideal nine-vertex structures relative to the r-
CSAPR and the r-TCTPR. The area corresponding to small values is
shown in detail (right). Minimal distortion interconversion paths between
the two ideal shapes (c) and from the CSAPR or the TCTPR to the s-
CCU (b) are shown. An elongation of the TCTPR along its trigonal
axis is shown by c. * indicate the positions of other ideal structures in
the shape map (see Figure 2 and Table 1).


Table 3. Reciprocal shape measures of pairs of polyhedra with different
numbers of vertices.


Vertices Polyhedra CShM


4 tetrahedron/square 33.33
6 octahedron/trigonal prism 33.33
7 capped octahedron/capped trigonal prism 1.53
7 pentagonal bipyramid/capped trigonal prism 6.64
8 triangular dodecahedron/square antiprism 2.85
9 tricapped trigonal prism/capped square antiprism 1.17
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When analyzing a specific structure we can assign the
polyhedron that best describes the coordination sphere of
nine-coordinated metal atoms in each compound by calcu-
lating their CShMs relative to the various polyhedra sketch-
ed in Figure 2, and by taking as the coordination polyhedron
the one that gives the smallest shape measure. However, if
we wish to have a broad description of the structural prefer-
ences of nine-coordinated metal compounds, this approach
is impractical because of their large stereochemical flexibili-
ty and the resulting dispersion of their shape measures rela-
tive to r-CSAPR and r-TCTPR (a shape map is provided in
the Supporting Information, Figure D), that equally affects
transition-metal, lanthanide, and actinide compounds. The
situation does not improve if we analyze the data for com-
pounds of the same metal, but some trends can be found if
we group the complexes according to the nature of the coor-
dinated ligands. We will start by looking at homoleptic com-
pounds with monodentate ligands, free of the geometrical
constraints imposed by bi- or multidentate ligands. Then we
will discuss how some specific ligand topologies can control
the stereochemical choice.


Monodentate ligands : We have found a total of 101 structur-
al data sets of molecular compounds and 24 of extended
solids in the family of homoleptic complexes with monoden-
tate ligands. The molecular compounds include a large
number of [M ACHTUNGTRENNUNG(H2O)9]


n+ complexes of scandium, yttrium, all
lanthanides except promethium,
and a few complexes with other
ligands, such as oxide, fluoride,
hydride, acetonitrile, ammonia,
dimethyl sulfoxide, or dimethyl-
formamide (for a full list of
compounds and references see
the Supporting Information,
Table S1).
The shape measures of these


compounds relative to r-
TCTPR and r-CSAPR are pre-
sented in the shape map in
Figure 5. A perspective view of


the shape map clearly shows that most structures cluster
around the two reference shapes, both for molecular com-
pounds and for extended solids, even if a number of struc-
tures show significant distortions. As examples of the geo-
metries found, we can pinpoint structure a in the map,
which corresponds to an almost perfect r-CSAPR structure
for the [Pu ACHTUNGTRENNUNG(NCMe)9]


3+ ion (Figure 2, left) and the r-TCTPR
shape for [Sm ACHTUNGTRENNUNG(NCMe)9]


3+ (point b in Figure 5) whose struc-
ture is shown in Figure 6 (left). A third example is a struc-
ture that falls along the minimal distortion interconversion
path between those two ideal shapes, [Nd ACHTUNGTRENNUNG(H2O)9]


3+ (point c
in Figure 5), also shown in Figure 2 (right).
A few structures appear scattered along the paths to the


CCU (Figure 5, top), among which the two uppermost


Figure 4. Distribution of structurally characterized nine-coordinate com-
pounds of lanthanides, as found in the Cambridge Structural Database
(version 5.28).


Figure 5. Shape map for homoleptic nine-coordinate complexes of transi-
tion metals and rare earths with monodentate ligands. In the large scale
shape map shown below, *: molecular compounds, &: extended solids
(see Table S1 in the Supporting Information for more details).


Figure 6. Coordination polyhedra of the lanthanide ion in the [SmACHTUNGTRENNUNG(NCMe)9]
3+ (r-TCTPR, left)[27] and [Pr-


ACHTUNGTRENNUNG(NCMe)9]
3+ (s-CCU, middle[28]) cations, and the MFF coordination polyhedron of rhenium in [H6Re ACHTUNGTRENNUNG(m-H)3Re-


ACHTUNGTRENNUNG{MeC ACHTUNGTRENNUNG(CH2PPh2)3}]
� , determined by neutron diffraction at 80 K (right).[29]


www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 1291 – 13031296


S. Alvarez et al.



www.chemeurj.org





points correspond to compounds whose geometries are very
close to this polyhedron: The [Pr ACHTUNGTRENNUNG(NCMe)9]


3+ cation[18]


(Figure 5, top, point e) and the [TaF9]
4� ion[19] in Ba3TaOF9


(Figure 5, top, point d), as shown by their shape measures of
0.09 and 0.93 relative to s-CCU, respectively. The fact that
the same praseodymium cationic complex appears in two
other salts with the more usual TCTPR shape,[20] together
with the molecular orbital criteria discussed below and the
presence of disorder in the acetonitrile ligands, makes such
an unusual structure worthy of reinvestigation. Other struc-
tures that seem to be intermediate between the square anti-
prism and the capped cube, with SACHTUNGTRENNUNG(r-CSAPR) values higher
than 4, are found to lie close to the minimal distortion inter-
conversion path. One of these, the LaO9 group[21] in
La1.7Bi0.3Mo2O9, is closer to the TDIC, even if with a large
value of the corresponding shape measure. Note that the
lanthanum atoms in the La2�xBaxCuO4 superconducting
phases are very well described by the CSAPR (shape meas-
ures between 0.7 and 1.1),[22] whereas the potassium site in
the parent prototype K2NiF4 structure


[23] is a significantly
flattened r-CSAPR (shape measure of 2.6).
In the shape map we can see that some structures are in-


termediate between the two ideal shapes and close to the
minimal distortion interconversion path. These structures
can be identified by looking at the value of the path devia-
tion function described above. In particular, one of the two
crystallographically independent [Nd ACHTUNGTRENNUNG(H2O)9]


3+ ions in a co-
crystal with a calixarene[24] appears practically in the middle
of the interconversion path. The representation of its molec-
ular structure (Figure 2, right) nicely shows how the same
structure can be perceived visually either as a TCTPR or as
a CSAPR owing to the small distance that separates these
two ideal polyhedra in the space of continuous shape meas-
ures. To appreciate the two alternative descriptions one can
focus either on the uppermost vertex, which should be re-
garded as the atom capping a square antiprism, or on one of
the three atoms capping the rectangular faces of a trigonal
prism, respectively.
From the analysis of the numerical values of the shape


measures we have also been able to identify a number of
structures that deviate from our ideal r-TCTPR shape, but
are neatly aligned along the distortion path corresponding
to an elongation of the trigonal prism along the trigonal
axis, thus retaining the D3h symmetry and varying only the
edge ratios of the polyhedron. This is the case with the
[ReH9]


2� anion in its barium salt[25] (Figure 5, bottom, point
f) and with the LaF9 groups[26] in Na3La3F12 (Figure 5,
bottom, point g). Still a significant number of structures are
roughly aligned along the minimal distortion path for the in-
terconversion of the r-TCTPR and r-CSAPR polyhedra,
which suggests that these two shapes are quite similar in
energy.
The preference of the homoleptic complexes for struc-


tures close to r-TCTPR or r-CSAPR is in agreement with
qualitative arguments based both on minimum ligand–ligand
repulsion schemes and optimum metal–ligand bonding.
Hence, based on a limited number of structures available at


that time, Guggenberger and Muetterties found that nine-
coordinated metal centers in discrete molecules and in edge-
sharing linear chain compounds show little deviation from
the TCTPR.[2] These authors calculated point-charge repul-
sion energies and concluded that such a geometry is more
stable than the CSAPR. They pointed out, however, that
some coordination compounds with chelating ligands may
favor distortion of the TCTPR shape towards the CSAPR.
Kepert,[30] using a similar model, analyzed five nine-vertex
geometries (TCTPR, CSAPR, CCU, TDIC, and TC) and
showed that the last three shapes have large ligand–ligand
repulsion coefficients. From a molecular orbital point of
view, an easy way to discriminate those coordination geome-
tries that are expected to be more stable is to determine for
each coordination polyhedron whether there is a symmetry
match between the atomic orbitals of the central metal
atom and the symmetry-adapted linear combinations of the
s-donor orbitals of the ligands or not.[31] In the case of nine-
coordinate complexes, there must be a symmetry match for
each one of the nine valence atomic orbitals so as to form
nine metal–ligand bonding and nine antibonding molecular
orbitals. In such cases, a maximum bonding interaction can
be achieved and the corresponding coordination geometry is
expected to be a common one. For those cases in which at
least one atomic orbital (or equivalently, one symmetry-
adapted combination of ligand s-donor orbitals) is nonbond-
ing by symmetry, then the bond energy associated with
those geometries should be expected to be smaller, and con-
sequently, they are expected to correspond to high-energy
shapes.
The first condition for an optimum metal–ligand bonding


symmetry analysis commented upon in the previous para-
graph is that the ligands must be distributed in almost a
spherical fashion. Otherwise some metal atomic orbitals
would be oriented towards a region of the space in which
there are no metal–ligand interactions and a less effective
bonding situation should occur. Accordingly, we have disre-
garded the hemispherical J-TC for our symmetry analysis. It
is found that both CSAPR and TCTPR coordination geome-
tries present a perfect symmetry match between the nine
metal atomic orbitals available for bonding (disregarding
the f orbitals for rare-earth metals because of their minor
participation in metal–ligand bonding) and the nine symme-
try-adapted linear combinations of ligand s orbitals. These
results can be illustrated in a semiquantitative way by means
of the angular overlap model,[32] as seen in Figure 7. A simi-
lar situation is found for the MFF and TDIC shapes, where-
as the three remaining polyhedra (CCU, HBPYR, and HH)
leave one or more d orbitals as nonbonding, which results in
much less efficient metal–ligand bonding. For instance, the
CCU leaves the dxy orbital (B1 representation in the C4v


symmetry point group) as strictly nonbonding and the
HBPYR geometry leaves the e1g degenerate pair of orbitals
dxz and dyz (D7h point group) as nonbonding. In summary,
we expect the CSAPR, TCTPR, MFF, and TDIC shapes to
be predominant in nine-coordinate systems, whereas all
other geometries considered are much less likely to appear
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unless required by the stereochemical constraints imposed
by rigid multidentate ligands.


Stereochemical preferences by ligand


Four oxalato ligands : In this section we consider those com-
plexes with four bidentate oxalato ligands, a family with a
significant number of members. The shape measures for the
coordination spheres of these compounds are plotted in the
shape map shown in Figure 8. There it can be seen that,
with two exceptions, all of the structures are roughly aligned
along the r-CSAPR/r-TCTPR interconversion path, most of
them closer to the CSAPR than to the TCTPR. Two outliers
clearly show up in Figure 8, which correspond to guanidini-


um clathrates of oxalato-bridged networks of neodymium[33]


or lanthanum.[34] However, we have found neither chemical-
ly nor crystallographically distinctive features in these com-
pounds that could account for their different stereochemis-
try. For instance, a similar guanidinium and ammonium
clathrate of the neodymium oxalato compound[34] adheres to
the general trend. The arrangement of the four bidentate li-
gands along the polyhedral edges is quite variable and in-
clude CSAPRs with conformations 1,[35] 2,[36] 3,[37] or 4,[35, 38]


and TCTPRs 6,[39] or 7.[40]


Three bidentate ligands : In this family we consider those
complexes with three bidentate and three monodentate li-
gands in which the bidentate ligands can form four- (ni-
trates, sulfate, and carboxylate), five- (ethylenediamine, oxa-
late, and topologically equivalent ligands), or six-membered


Figure 7. Splitting pattern for the d orbitals in several nine-vertex polyhedral structures, in accordance with the angular overlap model (see Table 1 for
abbreviations).


Figure 8. Shape map for compounds of the type [M ACHTUNGTRENNUNG(oxalato)4L]. * corre-
spond to the experimental structures and c is the minimal distortion
interconversion path between the r-TCTPR and r-CSAPR reference
polyhedra.
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chelate rings (b-diketonates). Representation of these struc-
tures in a r-CSAPR/r-TCTPR shape map (Figure 9) clearly
shows that the small bite ligands result in severely distorted
polyhedra, whereas those ligands that form five- or six-
membered chelate rings may appear closer to the intercon-
version path between the two reference polyhedra.
A look at the structures that are close to the reference


shapes reveals a variety of arrangements of the three chelate
rings on the coordination polyhedra. In the presence of the
ligands with the smallest bite we have identified conforma-
tions 8[41] and 9[42] close to the CSAPR, and conformation 10
close to the TCTPR.[43]


Three tridentate ligands : We use the term “clamps” to de-
scribe those tridentate ligands whose donor atoms are
roughly arranged in a semicircle (11), such as terpyridine,
and coordinate to a metal atom in a coplanar way. In con-
trast, “grasping” tridentate ligands (12) are those in which
the three donor atoms are regularly arranged in a circle, but
that coordinate to a metal atom in a noncoplanar way, two
typical examples of which are tris(pyrazolyl)borate and tria-
zacyclononane. In this section we present the results of our
shape analysis for complexes of the type [M ACHTUNGTRENNUNG(clamp)3].
In this family, the geometries of the coordination spheres


are much closer to TCTPR than to CSAPR. Furthermore,
deviations from that ideal polyhedron correspond to distor-
tions towards the TDIC rather than towards CSAPR. This
can be clearly appreciated in the s-TCTPR/J-TDIC shape


map (Figure 10). Note that in this case the TCTPR that best
describes the experimental structures is a spherical version
in which the lateral faces of the trigonal prism are squares
rather than rectangles. This geometry is unfavorable for
complexes with monodentate ligands because of the shorter
ligand–ligand distance between the capping and basal coor-


dination sites, but is favored by clamp ligands precisely be-
cause of the shorter donor–donor distance of the chelate
rings.
In all of these complexes, the clamp ligands are arranged


in a helical manner (13) as noted earlier by Drew,[3] each
one decorating one of the square faces of the trigonal prism,
as illustrated by the example shown in Figure 11.[44] In spite
of the helical nature of these complexes, none has crystal-
lized in an enantiomorphic space group and the two enan-
tiomers are, therefore, present in achiral solids.
Five complexes found with


three tris(pyrazolyl)borato li-
gands[45,46] all present an almost
perfect s-TCTPR structure with
shape measures of less than 0.2.
In each case, each ligand occu-
pies one of the capping vertices
and one vertex of each of the
triangular bases (14), as shown
for [Pr ACHTUNGTRENNUNG(tpb)3]


[45] in Figure 12.


Branched multidentate ligands :
We have examined a variety of
multidentate ligands with differ-


Figure 9. Shape map for tris ACHTUNGTRENNUNG(chelate) nine-coordinate complexes of tran-
sition metals and lanthanides forming four- (nitrato ligands, &), five- (*),
or six-membered (b-diketonato ligands, ~) chelate rings (for more details
see the Supporting Information, Table S2). c represents the minimal
distortion interconversion path between the CSAPR and the TCTPR.


Figure 10. Shape map for the [M ACHTUNGTRENNUNG(clamp)3] complexes relative to the s-
TCTPR and J-TDIC reference polyhedra (see the Supporting Informa-
tion, Table S3, for more details). c represents the minimal distortion
interconversion path between the two reference shapes.


Figure 11. Coordination sphere
of the lutetium atom in the
[Lu(1,3-pyridinetricarboxyla-
to)3]


3� ion,[44] which shows the
helical arrangement of the tri-
dentate ligands, also represent-
ed by schematic version 13.


Chem. Eur. J. 2008, 14, 1291 – 1303 H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1299


FULL PAPERPolyhedral Structures



www.chemeurj.org





ent branching schemes and den-
ticities, with their topologies il-
lustrated by 15. All of these
compounds behave similarly to
monodentate ligands and have
structures close to the CSAPR
and the TCTPR, but well sepa-
rated from the interconversion
path, most likely because of the
constraints imposed by the che-
late rings. Apparently, these li-


gands are flexible enough to adopt geometries close to the
electronically preferred polyhedra.


Hexadentate macrocyclic ligands : Hexadentate macrocyclic
ligands, such as the O6-crown ethers shown in the projection
in 16, can in principle occupy six almost coplanar coordina-
tion positions in [M ACHTUNGTRENNUNG(O6-crown)L3] complexes, which requires
the three additional ligands to coordinate asymmetrically on
either side of the crown ether. The idealized representation
of the metal, the three monodentate ligands, and the macro-
cyclic ring could be described as like a child playing with a
hula hoop (Figure 13). The relative orientation of the hula
hoop and the feet of the child can be eclipsed (16a) or stag-
gered (16b), or at any intermediate orientation. In the


eclipsed conformation, the irregular coordination poly-
hedron is formed by ten triangular and two tetragonal faces,
whereas in the staggered conformation it has fourteen trian-
gular faces. The best examples of these two polyhedra are
represented in Figure 13. In spite of the differences between
these two HH polyhedra, they are rather similar in the
CShM space (1.38) and we will consider only the eclipsed
one as a reference polyhedron for simplicity.


The analysis of the structures of complexes with hexaden-
tate macrocyclic ligands is best done by plotting their shape
measures on an HH/r-CSAPR shape map (Figure 14). There


it can be seen that all of the
structures are virtually aligned
along the minimal distortion in-
terconversion path. Minor devi-
ations from the interconversion
path are as a result of a slight
deviation of the six donor
atoms from planarity, and also
deviations of the structures
from the ideal eclipsed confor-
mation owing to the unhin-


dered rotation of the ring around the central ML3 unit. Note
that the distribution of this family of structures is much
closer to the CSAPR than to the HH. As an example, we
show in Figure 15 the coordination sphere of the ytterbium
atom in [Yb(O4N2-macrocycle)ACHTUNGTRENNUNG(SCN)3]


[49] in which the mac-
rocycle encircles the metal atom occupying the capping co-
ordination site, two sites of the upper face of the square an-
tiprism, and three sites at the base. Our qualitative orbital
analysis above (Figure 7) showed that the HH shape is un-
favorable for metal–ligand bonding, a prediction that is sup-
ported by the fact that it is only found in this family of com-


pounds in which six donor
atoms are forced to remain
almost coplanar because of the
macrocyclic nature of the hexa-
dentate ligand. We have seen
above that complexes with
analogous open-chain hexaden-
tate ligands are not even close
to the HH shape.


Tetrapodal octadentate ligands :
A good number of nine-coordi-
nate complexes have been re-
ported with octadentate ligands


Figure 12. Coordination sphere
of the metal atom in [Pr-
ACHTUNGTRENNUNG(tpb)3], which shows the heli-
cal arrangement of the triden-
tate ligands, also represented
by schematic version 14.


Figure 13. Perspective view of the crown ether and the coordination sphere of the lanthanum ions in [I-
ACHTUNGTRENNUNG(dibenzo[18]crown-6)La ACHTUNGTRENNUNG(m-OH)2LaACHTUNGTRENNUNG(dibenzo[18]crown-6)I]


[47] with an eclipsed conformation (left), its idealized
version reminiscent of a hula hoop player (middle), and the coordination sphere of the europium atom in a
complex with a macrocyclic hexadentate nitrogen donor ligand (right).[48]
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based on tetraazacyclododecane
to which four arms with a
donor atom have been added,
such as (2-hydroxyethyl)-
1,4,7,10-tetraazacyclododecane
(18). In keeping with the tetrag-
onal symmetry of these ligands,
their coordination spheres are
much closer to the CSAPR
than to the TCTPR. Therefore,
for this family it is appropriate
to use a shape map relative to
the two tetragonal reference ge-
ometries, the r-CSAPR and the


s-CCU (Figure 16). In this shape map we see that the exper-
imental structures appear nicely aligned along the intercon-
version pathway, as quantified by path deviation functions
of less than 15%, with one exception that has a deviation of
20%. Furthermore, the structures form two distinct groups.
Out of the 82 data sets found for 60 chemical compounds,
54 present similar distortions of at most 30% from the
CSAPR with little dispersion in their generalized intercon-


version coordinates. The rest of the structures are spread
along the minimal distortion path, with degrees of conver-
sion towards the s-CCU of between 35 and 80%. All the
structures that are close to the CSAPR have either carboxy-
lato or amido groups on their four arms,[50] although similar
complexes also appear in the group of distorted structures.
On the other hand, all of the complexes with 2-hydroxyethyl
arms (such as 18) are distorted to different degrees towards
the s-CCU.[51] We have found no correlation between the
bite of the tetrapodal ligands and their degree of distortion
from the CSAPR.


Nonadentate tentacular and encapsulating ligands : Several
three-legged nonadentate ligands have been designed in
which the three legs can end in a triazacyclononane (19)[52]


or in an sp3 carbon or nitrogen atom in tentacular ligands
(20),[53] or can be wrapped to form encapsulating ligands
(21).[54] The structural data for these families of compounds
are represented in the shape map shown in Figure 17, which


Figure 14. Shape map for the complexes with hexadentate macrocyclic
(*) and related open-chain hexadentate ligands (&) relative to the r-
CSAPR and the HH shapes, together with the minimal distortion inter-
conversion pathway (solid line). The short line at the top left corresponds
to the r-CSAPR/r-TCTPR pathway.


Figure 15. Perspective view of
the hexadentate macrocyclic
ligand and of the approximate-
ly square antiprismatic coordi-
nation sphere of the ytterbium
atom in [Yb(O4N2-
macrocycle)ACHTUNGTRENNUNG(SCN)3].


[49]


Figure 16. Shape map for nine-coordinate complexes with octadentate
tetrapodal ligands based on tetraazacyclododecane (18) relative to the r-
CSAPR and the s-CCU. c corresponds to the minimal distortion path
for the interconversion of the two reference shapes.


Figure 17. Shape map for nine-coordinate complexes with nonadentate
extended tripod ligands based on triazacyclononane (19, *), tentacular li-
gands (20, &) and encapsulating ligands (21, *) relative to the s-TCTPR
and the s-TDIC.
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nicely shows that such ligands force an approximately trigo-
nal symmetry and deviations from TCTPR are essentially
aligned along the distortion path to TDIC, even if no struc-
ture gets close to having this shape.


Conclusion


The nine-coordinated metal centers with mono- and biden-
tate ligands tend to adopt structures close to r-TCTPR or to
r-CSAPR with a large stereochemical variability that sug-
gests a rather shallow potential energy surface. Similar be-
havior has been found for open-chain, branched multiden-
tate ligands that are flexible enough to adapt to the elec-
tronic preference for these two reference shapes.
The use of more rigid multidentate ligands, however, can


enforce specific coordination geometries that are rarely met
by the simpler ligands. The positions of the structures ana-
lyzed in several shape maps can be schematically summar-
ized in a topological map (Figure 18) that shows us which
polyhedra and interconversion path are obtained with each
type of ligand. Therefore, compounds with three tridentate
grasping ligands (12), which are all close to the r-TCTPR
shape, are represented by a circle beside the corresponding
polyhedral symbol. Other families of compounds that
appear scattered along the interconversion path between
two ideal polyhedra are represented by a band joining the
corresponding polyhedra. In some cases, the structures may
be found to be distorted towards a certain polyhedron, but
without ever coming close to its shape, a fact that is repre-
sented by a band shorter than the full path. Furthermore,
the dispersion of the shapes of a given family away from the
path is roughly represented by the width of the band. In this
way we can see in Figure 18 that complexes with tetrapodal
ligands are capped square pyramids with varying degrees of
distortion towards the CCU, whereas complexes with hexa-


dentate macrocyclic ligands are distorted towards the HH
geometry. Finally, complexes with tentacular nonadentate li-
gands are tricapped trigonal prismatic with distortions to-
wards the TDIC, and the same distortion to a somewhat
lesser degree is found in complexes with three clamp triden-
tate ligands.
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Introduction


Aromatic or p-conjugated curved compounds have been the
object of many theoretical and experimental studies in


recent years as a consequence of their intriguing chemical
and physical properties.[1,2] Among them, subazaporphyr-
ins[3–7] (SubAPs) are heteroaromatic chromophores that con-
stitute the lower homologues of tetraazaporphyrins (phtha-


Abstract: A new and general synthetic
method for the preparation of fluoro-
substituted subazaporphyrins is report-
ed that involves the treatment of the
corresponding chloro- or aryloxy-sub-
stituted subazaporphyrins (SubAPs)
with BF3·OEt2. The strategy has been
applied to both subphthalocyanines
(SubPcs) and subporphyrazines
(SubPzs). The yields were high for the
latter, although low yields were ob-
tained for the benzo derivatives. In
contrast to the corresponding chloro
derivatives, fluorosubazaporphyrins are
quite robust towards hydrolysis. All of
the new compounds were characterized
by several spectroscopic techniques,
which included 1H, 13C, 19F, 15N, and
11B NMR spectroscopy, IR spectrosco-
py, UV/Vis spectrophotometry, and
mass spectrometry (both high and low
resolution). In addition, DFT calcula-


tions provided theoretical NMR spec-
troscopy values that are in good agree-
ment with the experimental ones. The
high dipole moments exhibited by the
fluorosubazaporphyrins as a result of
the presence of a fluorine atom in an
axial position are responsible for the
spontaneous and singular supramolec-
ular aggregation of the macrocycles in
the crystalline state. The molecular and
crystal structures of two one-dimen-
sional fluorine SubAPs, namely, a
SubPc and a SubPz, are discussed. Mol-
ecules of the same class stack in alter-
nating configurations along the c axis,
which gives rise to columns that con-


tain large numbers of monomers.
SubPz 3c forms aggregates with the
macrocycles arranged in a parallel fash-
ion with the B�F bonds perfectly
aligned within a column, whereas with
SubPc 3b the neighboring columns
cause a commensurate sinusoidal dis-
tortion along the columns in the c di-
rection, which prevents the alignment
of the B�F bonds. However, the most
remarkable feature, common to both
crystalline architectures, is the ex-
tremely short and unusual intermolecu-
lar F···N distances of the contiguous
molecules, which are shorter than the
sum of the corresponding van der
Waals radii. Theoretical calculations
have shown that these short distances
can be explained by the existence of a
cooperativity effect as the number of
monomers included in the cluster in-
creases.
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locyanines (Pcs) and porphyrazines (Pzs)) because they con-
sist of three instead of four N-fused 1,3-diiminoisoindole or
2,5-diiminopyrrole units, respectively (Scheme 1). Although


these kinds of macrocycles have been known since the sev-
enties, the major developments in this field have only taken
place since the nineties, and only very recently have the cor-
responding subporphyrinic systems been reported.[8] SubAPs
display a 14p-electron aromatic core arranged in a bowl-
shaped structure that turns out to be fascinating both theo-
retically and practically. In addition, substitution at the pe-
riphery of the macrocycles allows their physical and/or
chemical properties to be fine-tuned. Hence, a wide range
of functional groups have recently been introduced with the
aim of constructing SubAP-based p-extended oligomers,[9]


metallosupramolecular cages,[10] nonlinear optical chromo-
phores,[11–13] liquid crystals,[14] and multicomponent assem-
blies for use, for example, in electron- and energy-transfer
processes.[15]


With respect to axial substitution (X in Scheme 1), the
nature of the functional groups bound to the boron atom
also has a substantial influence on the properties of the mac-
rocycle.[3a] Thus, for example, SubPcs endowed with six pe-
ripheral thioalkyl chains display mesomorphic behavior at
room temperature, exhibiting head-to-tail polar columnar
stacking that forms a hexagonal array with random polari-
ty.[14] However, although this liquid crystalline behavior is
observed when the axial substituent is a chlorine atom,[6,14]


hydroxy- and silyloxy-axially substituted macrocycles are
isotropic over a wide range of temperatures.[16] In principle,
most SubAPs are synthesized as the chloro derivatives be-
cause these compounds exhibit a perfect balance between
synthetic accessibility and ease of purification.[3a,17] To
obtain a specific macrocycle, a phthalonitrile or a maleoni-
trile precursor is cyclotrimerized in the presence of boron
trichloride in a high-boiling point solvent, such as p-xylene.
Subsequently, the halogen atom can be easily replaced by
reaction with nucleophiles, particularly aromatic alcohol-
s,[3a, 17] to increase the solubility of the compound, to modu-
late its physicochemical properties, or even to introduce
new functions for specific applications.[18]


The preparation of fluorosubphthalocyanine by the reac-
tion of phthalonitrile with PhBF2


[19] or Et2O·BF3
[20] has also


been described. However, yields have either not been re-
ported[20] or are very low[19] for either method and the appli-


cation of these procedures to the cyclotrimerization of other
dinitriles failed to afford other peripherally substituted
SubAP derivatives.[21] However, there are several reasons to
be interested in the preparation of fluorosubazaporphyrins.
On one hand, the B�F bond is more robust than the B�Cl
or B�Br bonds, and consequently, SubAPs that contain a
fluorine atom at the axial position should be more stable to-
wards hydrolysis. This is especially important for the effi-
cient isolation and purification of SubAPs peripherally func-
tionalized with donor functions such as alkyl or thioether
groups.[6,16] On the other hand, control over the organization
of molecular building blocks into desired functional struc-
tures is essential for the construction of molecule-based min-
iature devices with advanced functions. As mentioned
above, the supramolecular organization of macrocycles in
the solid state,[3a, 9a,18a] in thin films,[13] and in liquid crys-
tals[6,14, 16] depends, to a certain extent, on the nature and
size of the axial substituents.[9,16, 22] In this respect, the small-
er size and the specific electronic characteristics of the fluo-
rine atom should significantly influence the interactions be-
tween macrocycles and affect their organization in con-
densed phases. In addition, structures with defined geometry
may form spontaneously through supramolecular aggrega-
tion if selective and directional noncovalent interactions are
exploited. In this context, fluorine substituents are supposed
to play a role in stabilizing aromatic stacks.[23]


The nature of the axial substituent produces differences in
the SubAP molecular polarity that should have a significant
influence on the cooperative effects between molecules, and
consequently, on the crystalline architecture. It was expected
that high dipole moments in these compounds[24] would con-
tribute to the development of a strong one-dimensional
(1D) molecular association, which could be useful in the as-
sembly of molecular wires and cables.[25] In contrast, interac-
tions between molecules with low dipole moments give rise
to crystals without specific directions. This is an attractive
challenge because it is known that properties such as electri-
cal conductivity are related to strong one-dimensional mo-
lecular interactions that are dramatically different in differ-
ent directions in crystals. Thus, for example, coordination
complexes with planar macrocyclic p-conjugated ligands,
like phthalocyanine, crystallize in one-dimensional columns
that show high electrical conductivity when they are partial-
ly oxidized.[26]


In addition, some organized columnar structures have
been shown to have applications in photovoltaics.[27] In this
regard, it is known that the performance of solar cells de-
pends critically on the self-organizing properties of both
donor and acceptor components.[28] SubAPs that may have
either donor or acceptor characteristics depending on the
nature of their substituents[18a,b] are very promising candi-
dates to be used as components in solar cells.[29] Therefore,
and because of our interest in this field,[11c] we have investi-
gated the organization of SubAPs in the solid state.


Herein, we wish to report a straightforward and general
route to SubAPs that contain fluorine in the axial position.
The molecular and crystal structures of two one-dimensional


Scheme 1. Subazaporphyrins (SubAPs): Structures of a subphthalocya-
nine (SubPc) and a subporphyrazine (SubPz).
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fluorine SubAPs are also described as well as the spectro-
scopic characterization of all of the compounds and DFT
calculations on the monomers, dimers, trimers, and tetram-
ers.


Results and Discussion


Synthesis and spectroscopic characterization : Our approach
to the synthesis of fluorosubazaporphyrin derivatives takes
advantage of the easy access to chlorosubazaporphyrins.
Thus, the method reported herein relies on the effective cy-
clotrimerization of dinitriles assisted by BCl3


[6,17] for the as-
sembly of the SubAP backbone. Subsequently, we estab-
lished that treatment of these chloro derivatives with a large
excess of Et2O·BF3 affords the corresponding macrocycles
axially functionalized with fluorine (Scheme 2, Method A).
This method is applicable to both types of macrocycles al-
though the conversion takes place in low yields for benzo
derivatives 3a and 3b (see Table 1).


Subporphyrazine 1c turned out to be more reactive and
the corresponding fluoro derivative 3c was easily obtained
(see Table 1). This result could be predicted taking into ac-
count the higher reactivity of the axial position in the tripyr-


rolic series compared with the corresponding benzo deriva-
tives.[6,3b] Moreover, the resulting SubAPs (3a–c) were easily
isolated by chromatography on silica gel and no hydrolysis
was observed either during the reaction or in the purifica-
tion process even when the macrocycles had peripheral
donor substituents, for example, 3c.[6]


In an alternative procedure, fluorosubazaporphyrins 3a–c
were prepared by treating the corresponding aryloxy-substi-
tuted macrocycles 2a–c[30,31] with excess Et2O·BF3 in toluene
(Scheme 2, Method B). This method is particularly useful
for the synthesis of macrocycles with donor substituents at
the periphery because in these cases isolation of the chloro
derivatives has proven to be very tedious on account of the
lability of the axial position.[6,12b,13,15, 17] Therefore, the crude
material (1a–c) formed from the cyclotrimerization reaction
between the starting dinitrile and BCl3


[6,17] was treated in
situ with a phenol derivative to give the corresponding less-
labile aryloxy-functionalized macrocycles 2a–c,[30,31] which
were isolated by column chromatography on silica gel. Fur-
ther treatment of these compounds with Et2O·BF3 afforded
macrocycles 3a–c in yields comparable to those of Meth-
od A (see Table 1).


As expected, fluoro derivatives 3a–c proved to be much
more robust towards hydrolysis than their corresponding
chloro-substituted analogues (1a–c) and this was evident
when following the reaction by TLC because no spot corre-
sponding to the related hydroxysubazaporphyrin was detect-
ed once the reaction was complete.[32] The greater strength
of the B�F bond compared with the B�Cl and even the B�
OH bond was also evidenced by mass spectrometry; the
mass spectra of all of the fluorosubazaporphyrins prepared
in this work exhibited the molecular ion [M]+ as the unique
peak or was accompanied by negligible signals assignable to
[M�F]+ . This differs from the data recorded for compounds
1a–c and 2a–c ; in these cases peaks associated with the loss
of the axial substituents were the most intense peaks ob-
served in the spectra.[6,30, 31] The new compounds were also
characterized by 1H, 13C, 19F, 15N, and 11B NMR spectrosco-
py, IR spectroscopy, UV/Vis spectrophotometry, and
HRMS. In addition, crystal structures for fluorosubazapor-
phyrins 3b and 3c, 15N NMR spectra for macrocycles 1c and
2c, and 19F and 11B NMR spectra for the 1 and 2 series are
provided for comparative purposes.


Compounds 3a–c are indistinguishable by 1H NMR spec-
troscopy from the corresponding chloro derivatives 1a–c
(see Table 2 and the Supporting Information). Moreover,
the aryloxy substituents of 2a–c appear to be shifted to
higher fields as a consequence of the diatropicity of the
macrocycles. These signals prove the structures of these
compounds. The 11B NMR spectra exhibit typical upfield sig-
nals for tetragonal boron derivatives at d=�13.8 to
�15.8 ppm, which are coupled to the fluorine nuclei in com-
pounds 3a–c with coupling constants in the order of 30 Hz
(see Table 2). Only very small differences between the two
halogenated series 1a–c and 3a–c are observed in the
13C NMR spectra and peripheral substitution has no effect
on the fluorine, nitrogen, and boron chemical shifts either


Scheme 2. Synthesis of fluorosubazaporphyrins 3a–c.


Table 1. Reaction times and yields for the synthesis of SubAPs 3a–c.


Compound Method Reaction time [h] Yield [%]


3a A 3 17
3a B 3 14
3b A 1.25 15
3b B 3 12
3c A 0.25 68
3c B 1 63
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(see Table 2 and the Supporting Information). Calculated
chemical shifts (see Figure S40 in the Supporting Informa-
tion) are in good agreement with experimental values.


The introduction of a fluorine atom into the axial position
of SubAPs does not have a significant effect on the electron-
ic spectra of 3a–c even though small differences are ob-
served in the high-energy region, namely, Soret Bands and
bands at around 330 nm (see Table 2). This result is in con-
tradiction with the sensing mechanism attributed to a re-
cently reported fluoride subphthalocyanine-based chemo-
dosimeter.[33]


Crystal structure : Appropriate single crystals for X-ray dif-
fraction were obtained by slowly cooling a saturated solu-
tion of 3c in hexanes and by slow evaporation of a chloro-
form solution of 3b.


The crystal structure of fluoro[1,2,6,7,11,12-hexapropyl-
subporphyrazinato]boron ACHTUNGTRENNUNG(III) (3c) exhibits the cone shape
common in this kind of molecule[7b] with the boron atom co-
ordinated to three nitrogen atoms and the fluorine atom sit-
uated at the vertex of an almost regular tetrahedron, the flu-
orine atom is directed outside of the molecule in the axial
position (Figure 1A). The asymmetric unit consists of three
independent thirds of a molecule that, by applying the ter-
nary axis, generate three independent molecules with the
B�F bonds directed along the ternary symmetry axis (Fig-
ure 1B). In two of these molecules the fluorine atom is di-
rected downwards and in one of them it is directed upwards;
all of them are stacked along the c axis. Molecules of the
same class stack in an alternating configuration along the c
direction to give rise to columns. The number of columns
formed by “down” molecules is twice that of those formed
by “up” molecules such that each down column is surround-


ed by six up and each up column is surrounded by three
down and three up (Figure 1C). In spite of this, no signifi-
cant geometrical differences have been found among them,
at least at the data collection temperature (100 K). Some se-
lected distances are shown in Table 3.


Surprisingly, the intermolecular F···N distances of the con-
tiguous molecules (see Table 3) are considerably shorter
than the sum of the corresponding van der Waals radii (1.47
(F)+1.50 (N)=3.02 T). To the best of our knowledge there
is only one other compound that displays a comparable
F···N distance and that is for an anion–cation interaction
(2.778 T, DILNER, CSD Refcode) between the fluorine
atoms of a BF4


� anion and a nitrogen atom of a pyridinium
quaternary salt.


The crystal structure of 3b[35]


shows features quite similar to
those of compound 3c (Figur-
es 1D and Table 3). The asym-
metric unit consists of three in-
dependent molecules that are
also stacked in columns, as in
3c, but in 3b the effects of the
neighboring columns provoke a
commensurate sinusoidal distor-
tion along the columns in the c
direction. These effects prevent
the alignment of the B�F bonds
(Figures 1E). Furthermore, in
3b the same number of up and
down columns exist and the
structure can be thought of as
being formed of alternating
planes of same-sense columns
perpendicular to the a direc-
tion, which is reminiscent of the
close packing of spheres in an
ABAB (down-up-down-up) se-


Figure 1. Molecular structures showing thermal ellipsoids at the 50% probability level of 3b (A) and 3c (D).
Views showing the columns along the c axis for 3b (B) and 3c (E) and the columns packing along the ab
plane of 3b (C) and 3c (E) (u=up, d=down). Hydrogen atoms have been omitted for clarity.


Table 3. Selected bond lengths [T] and interatomic distances (<3 T) for
compounds 3b and 3c determined by X-ray analysis.


3b 3c


B1�F1 1.395(5) B1�F1 1.400(8)
B1�N1 1.491(6) B1�N1 1.491(4)
B1�N3 1.500(6) B12�F12 1.374(8)
B1�N5 1.478(6) B12�N12 1.493(4)
B2�F14 1.389(5) B13�F13 1.387(8)
B2�N7 1.493(6) B13�N13 1.495(4)
B2�N9 1.471(6) B1···B1 4.414(8)
B2�N11 1.502(6) B12···B13’ 4.402(8)
B3�F27 1.385(6) B12···B13’’ 4.426(8)
B3�N13 1.486(6) F1···N13 2.980(4)
B3�N15 1.495(6) F1···N15 2.887(4)
B3�N17 1.492(6) F14···N5 2.802(4)
B1···B2 4.517(6) F27···N7 2.969(4)
B1···B3 4.566(6) F17···N9 2.820(4)
B3···B2 4.487(6)
F1···N1 2.806(6)
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quence (Figures 1F).[36] This close packing explains the rela-
tively high calculated value of the density (1.872 gcm�3) for
an organic compound. Again, some intermolecular F···N dis-
tances in 3b are shorter than the sum of the van der Waals
radii (Table 3). This achiral molecule packs in a chiral space
group, that is, P212121, a fact that may be relevant in the con-
text of its second-order nonlinear optical properties in the
solid state, which requires such a noncentrosymmetric or-
ganization.[37]


Theoretical calculations : To check the characteristics of the
molecular interactions within the crystal structures, the geo-
metries of the monomer, dimer, trimer, and tetramer of the
unsubstituted fluorosubazaporphyrin (3d, R1=R2=H) were
calculated by using B3LYP/6-31G* computational methods.
C3v symmetry was adopted in the calculation to simulate the
crystal environment. The interaction energies and dipole
moments of these systems are reported in Table 4. The inter-


action energies, dipole moments, and intermolecular distan-
ces all indicate the existence of a cooperativity effect as the
number of monomers included in the cluster increases.


The values reported in Table 4 are related to the number
of 3d units (n=1–4). The best relationships (r2>0.999) are
the following: dF···F (T)=4.75+0.188n�3, Dm (D)=


�0.52+0.43n+0.08n2, and Erel (kcalmol�1)=3.82–
3.69n�0.12n2. These equations can be used to predict the
properties of larger (n>4) aggregates. In the case of the in-
termolecular F···F distance, the equation predicts that this
distance rapidly tends towards 4.75 T as n becomes large
(the experimental value is 4.42 T). For the corresponding
F···N distance (dF···N (T)=3.07+0.125n�3), the extrapolated
distance for a long column is 3.07 T (experimental value,
Table 3, 2.81 T). Thus, both calculated distances are slightly
longer than the experimental ones as a result of the crystal
field produced by the surrounding columns.


Analysis of the electron density of the dimer sheds some
light on the nature of the intermolecular interactions that
produce such a drastic shortening of the distances between
macrocycles within a column. Thus, the arrangement of 3c
into columnar crystalline structures implies more than
simple p stacking along the c direction. It also implies the
presence of three bond critical points (bcps) between the
fluorine atoms of one of the molecules and the fluorosuba-
zaporphyrin above. In addition, three bcps are found that
can be associated with p–p interactions between the two
molecules (Figure 2).


From these studies we can
conclude that subporphyrazine
3c in the solid state forms one-
dimensional aggregates made
up of a large, unprecedented
number of subunits for this
kind of macrocycle. The driv-
ing force for this organization
in the crystal state presumably
arises from the high dipole
moment exhibited by the mon-


omers as a result of the presence of an extremely electro-
negative fluorine atom attached to the axial position of the
macrocycle. In turn, the assembly of the molecules produces
a stabilizing effect that increases with the number of mono-
mers. Therefore, each column of 3c can be regarded as a
single-strand molecular cable that contains a central elec-
tronic molecular wire surrounded by an insulating hydrocar-
bon cover.[38] Whether sinusoidal conformations like that of
subphthalocyanine 3b and parallel stacking like that in 3c
can interconvert by increasing or decreasing the tempera-
ture is under investigation.


Conclusion


We have described a way to construct supramolecular archi-
tectures in the crystalline state by using SubAPs as mono-
mers. The method exploits the high dipole moments exhibit-
ed by axially substituted fluorosubazaporphyrins, which
favor their spontaneous aggregation into one-dimensional
columnar assemblies. Quite unexpectedly, the packing is ex-
tremely tight with unusually short intermolecular distances
and a cooperative stabilizing effect that could allow access
to electronic molecular wires. The scope of the method is
rather wide owing to the development of a general synthetic
procedure for the preparation of the fluorosubazaporphyrin
monomers. Theoretical calculations afford spectroscopic
data for the monomers that match very well the experimen-


Table 4. Energetic, electronic (dipole moments in D), and geometric characteristics of the fluorosubazapor-
phyrin clusters considered.


Erel [kcalmol�1] m [D] Dm [D] F···F distances [T]


3d 0.00 3.14 0.00 –
ACHTUNGTRENNUNG(3d)2 �4.00 6.95 0.66 4.771
ACHTUNGTRENNUNG(3d)3 �8.34 10.98 1.55 4.754, 4.765
ACHTUNGTRENNUNG(3d)4 �12.81 15.12 2.55 4.750, 4.755, 4.765


Figure 2. Molecular structure of the fluorosubazaporphyrin dimer (3d)2
showing the bond critical points and bond paths.
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tal values obtained and provide some insight into the nature
of the molecular interactions within the crystal structures.
The electron-conducting properties of the crystalline aggre-
gates will be the subject of future studies.


Experimental Section


General methods : UV/Vis spectra were recorded with a Hewlett-Packard
8453 instrument. IR spectra were recorded with a Bruker Vector 22 spec-
trometer. FAB-MS spectra were determined with a VG AutoSpec instru-
ment. MALDI-TOF MS and HRMS spectra were recorded with a
Bruker Reflex III spectrometer. NMR spectra were recorded with
Bruker AC-300, AMX-300, and DRX-500 instruments. Column chroma-
tography was carried out on silica gel (Merck-60, 230–400 mesh, 60 T)
and TLC was performed on aluminum sheets precoated with silica gel 60
F254 (E. Merck). Chlorosubazaporphyrins 1a–c,[6,30, 31] aryloxysubazapor-
phyrins 2a,b,[30,31] and dipropylmaleonitrile[39] were prepared as previous-
ly reported. All of the other chemicals were purchased from Aldrich and
used as received without further purification.


Phenoxy[1,2,6,7,11,12-hexapropylsubporphyrazinate]boron ACHTUNGTRENNUNG(III) (2c): A
1m solution of BCl3 in xylene (1.0 mL, 1.00 mmol) was added under an
argon atmosphere to dipropylmaleonitrile (200 mg, 1.23 mmol) and the
mixture was heated at 140 8C for 45 min. The solvent was evaporated
under reduced pressure, the residue was dissolved in toluene (2 mL), and
phenol (579 mg, 6.11 mmol) was added. The resulting solution was stirred
at reflux for 2 h and afterwards the solvent was removed by rotary evapo-
ration. Column chromatography of the residue on silica gel using a 20:1
mixture of hexanes and ethyl acetate gave 2c (56 mg, 23%) as an orange
solid (see Table 2). M.p.>250 8C; IR (KBr):n=2955, 2874 (C�H) 1589
(C=N), 1464, 1250, 1169, 1088, 1020, 899, 806, 760, 725 cm�1; MS
(MALDI-TOF, dithranol): m/z=590 [M]+ , 591 [M+H]+ , 497
[M�PhO]+ ; HRMS (MALDI-TOF): m/z calcd for C36H48BN6O [M+H]+


: 591.398; found: 591.396; elemental analysis calcd (%) for C36H48BN6O:
C 73.09, H 8.18, N 14.21; found: C 73.31, H 7.98, N 14.35.


General procedure for synthesis of subphthalocyanines 3a,b (Methods A
and B): SubPc 1a,b or 2a,b (0.155 mmol) was dissolved in toluene
(1 mL). EtO·BF3 (0.5 mL, 25 equiv) was added, the solution was stirred
at 110 8C under argon and the reaction was monitored by TLC until com-
pletion. The reaction times ranged from 1–3 h and are specified in
Table 1 together with the yields in each case. At the end of the reaction,
the solution was cooled to room temperature, and the solvent was evapo-
rated to give a rosy solid. The crude product was flushed with argon
before being subjected to column chromatography on silica gel.


(Fluorosubphthalocyaninato)boron ACHTUNGTRENNUNG(III), 3a : Chromatography using a 4:1
mixture of toluene and ethyl acetate afforded 3a as a magenta solid (see
Table 2). M.p.>250 8C; IR (KBr) n =1450, 1385 ACHTUNGTRENNUNG(C�N), 1277, 1188, 1124,
1057, 733 cm�1; MS (MALDI-TOF, dithranol): m/z : 415 [M+H]+ ;
HRMS (MALDI-TOF): m/z calcd for C24H13BN6F [M+H]+ : 415.127;
found 415.128; elemental analysis calcd (%) for C24H12BFN6: C 69.59, H
2.92, B 2.61, F 4.59, N 20.29; found: C 69.57, H 2.95, B 2.58, F 4.63, N
20.27.


Fluoro(1,2,3,4,8,9,10,11,15,16,17,18-dodecafluorosubphthalo-
ACHTUNGTRENNUNGcyaninato)boron ACHTUNGTRENNUNG(III) (3b): Chromatography using a 15:1 mixture of hex-
anes and ethyl acetate afforded 3b as a pink solid (see Table 2). M.p.>
250 8C; IR (KBr): n =1533, 1481 (C�N), 1259, 1121 ,1113 (C�F), 1072
(B�F), 964 cm�1; MS (MALDI-TOF, TCNQ): m/z : 630 [M]+; HRMS
(LSI): calcd for C24BF13N6 [M]+ : 630.007; found: 630.009; elemental anal-
ysis calcd (%) for C24BF13N6: C 45.75, B 1.72, F 39.20, N 13.34; found: C
45.77, B 1.69, F 39.19, N 13.35.


Fluoro(1,2,6,7,11,12-hexapropylsubporphyrazinato)boron ACHTUNGTRENNUNG(III) (3c):
Method A : A solution of 1c (50 mg, 0.095 mmol) in BF3·OEt2 (0.5 mL)
was stirred at room temperature for 15 min. BF3·OEt2 was evaporated at
reduced pressure and the residue was purified by chromatography on
silica gel using a 20:1 mixture of hexanes and ethyl acetate as eluent to
afford 3c (35 mg, 68%) as an orange crystalline solid (see Table 2).


M.p.>250 8C; IR (KBr):n=2959, 2868 (C�H) 1628 (C=N), 1460, 1252,
1169, 1095, 1014 (B�F), 804, 770, 723 cm�1; MS (MALDI-TOF, TCNQ):
m/z : 516 [M]+ ; HRMS (MALDI-TOF): m/z calcd for C30H42BFN6:
516.355; found: 516.355.


Method B : BF3·OEt2 (126ml, 1.00 mmol) was added to a solution of the
phenoxy derivative 2c (47 mg, 0.08 mmol) in toluene (3 mL) and the so-
lution was stirred at room temperature for 1 h. The solvent and excess re-
agent were evaporated under reduced pressure and the crude was puri-
fied by column chromatography on silica gel using a 20:1 mixture of hex-
anes and ethyl acetate as eluent to afford 3c (26 mg, 63%).


X-ray crystal structures analysis : A single crystal of 3b was mounted on
a glass fiber by using an epoxy adhesive, whereas a single crystal of 3c
was fished with a loop from a drop of a suspension of the crystal in per-
fluoropolyether oil (FOMBLIN 140/13, Aldrich). Intensity data for 3b
were collected at room temperature on a Bruker Kappa Apex II diffrac-
tometer by using MoKa radiation (l =0.71069 T), whereas data for 3c
was collected at 100 K with an Oxford NOVA diffractometer equipped
with a m source and CCD area detector by using CuK radiation (l=


1.54178 T). In both instances f and w scans with narrow frames were
used for data collection.


Theoretical methods of calculation : The geometries of the systems were
optimized with the hybrid HF/DFT, B3LYP, and the 6-31G* basis set (6-
311++G** for the GIAO calculations of the monomers) as implement-
ed in the Gaussian 03 package.[40–44] The electron densities were analyzed
within the atoms-in-molecules (AIM)[45] framework by using the
AIM2000 program.[46]
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Pd PEPPSI-IPr-Mediated Reactions in Metal-Coated Capillaries Under
MACOS: The Synthesis of Indoles by Sequential Aryl Amination/
Heck Coupling**


Gjergji Shore, Sylvie Morin, Debasis Mallik, and Michael G. Organ*[a]


Introduction


Microwave-assisted organic synthesis (MAOS) has been ap-
plied very successfully to both homo- and heterogeneous re-
actions leading to marked reductions in reaction times.[1] Of-
tentimes, the crude products of MAOS reactions are cleaner
(e.g., fewer byproducts) than those obtained from the corre-
sponding conventionally heated transformations, which has
been attributed to the significantly longer times necessary to
achieve the same level of conversion by using, for example,
an oil bath. However, while reaction times are shorter when
using MAOS, the method requires that transformations be
conducted in specialized, sealed high-pressure vials; this re-
quires significant handling of each individual transformation
(e.g., capping and decapping) that significantly slows the
overall synthetic process. To overcome these issues, we have


been working on the development of microwave-assisted,
continuous-flow organic synthesis (MACOS) that eliminates
such flasks and minimizes sample handling.[2,3] Synthesis in a
flowed format has the advantage of rapid reaction optimiza-
tion because all that is required is a single drop of product
from the reaction tube to evaluate the progress of the trans-
formation; every subsequent drop will be the same. Further,
once an optimized set of conditions has been reached, the
process is infinitely scaleable.[4,5]


We have demonstrated that complete reaction mixtures
can be flowed through capillary-sized reaction tubes that
traverse the microwave cavity leading to excellent conver-
sions (in minutes or less) over a variety of transformations.[2a]


We have also illustrated that separated reaction components
(e.g., two or more solutions) can be flowed through separate
inlets, mixed at the site of reaction in the microwave, and
also have excellent chemical conversion.[2b] We have also
disclosed the use of thin Pd films in conjunction with
MACOS to promote metal-catalyzed cross-coupling reac-
tions (e.g., Heck and Suzuki–Miyaura coupling) in the ab-
sence of any homogeneous catalyst.[6,7] In this report, we
detail the use of the Pd film to promote a sequential inter-
molecular amination/intramolecular Heck transformation
employing the Pd PEPPSI-IPr (PEPPSI: pyridine, enhanced,
precatalyst, preparation, stabilization, and initiation) cata-
lyst[8] to prepare a collection of indoles by using the
MACOS methodology.


Abstract: A method has been devised
for the microwave-assisted, continuous-
flow preparation of indole alkaloids by
a two-step aryl amination/cross-cou-
pling sequence of bromoalkenes and 2-
bromoanilines. This process requires
both the presence of a metal-lined flow
tube (a 1180 micron capillary) and the


Pd PEPPSI-IPr catalyst; without either,
the catalyst or the film, there is zero
turnover of this catalytic process. A


silver film has been shown to provide
some conversion (48–62%), but opti-
mal results (quantitative) across a vari-
ety of bromoalkenes and bromoanilines
were achieved by using a highly porous
palladium film. Possible roles for the
Pd film are considered, as is the inter-
play of the catalyst and the film.
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Results and Discussion


We have been interested for some time in metal-catalyzed,
multistep sequences to rapidly build up significant molecular
structures[9] and recently we have applied multicomponent
reaction methodology to the MACOS format.[10] Indoles are
compounds of considerable biological significance,[11] and as
part of our medicinal chemistry program we were interested
in developing an effective “one-pot” coupling sequence to
prepare them using a flow-synthesis format.


The amination/Heck MACOS sequence,[12] utilizing our
active Pd PEPPSI-IPr catalyst,[8,13] employing a simple glass
capillary as the flow tube showed no conversion (Table 1,
entries 1 and 2; residence time in the irradiation zone of the
microwave instrument during flow is approximately 120 s).
The catalyst is fully soluble and was premixed with the sub-
strates at 2.5 mol% and the whole solution was flowed
down the capillary setup. This negative result left us with a
number of questions. We have demonstrated that metal-cat-
alyzed reactions, such as Suzuki–Miyaura coupling and ring-
closing metathesis, can be driven to completion by MACOS
in the brief time that the sample resides in the irradiation
chamber of the microwave;[2a] perhaps it is possible that the
Pd PEPPSI-IPr catalyst is simply ineffective for this particu-
lar sequence. Alternatively, the catalyst may be active but
simply requires longer than 120 s (in continuous flow) to
show appreciable catalytic activity in this particular se-
quence. To probe these queries, we performed batch irradia-


tions with the same substrates and discovered that, in fact,
the catalyst was active but the transformation indeed re-
quired 20–22 min to reach >80% conversion (Table 1, en-
tries 3 and 4).


We were interested in ascertaining the kinetics of this re-
action in batch mode to determine if there was necessarily a
lag phase, such as would be the case if catalyst activation
under these particular conditions was slow. This might ac-
count for the prolonged reaction times necessary to drive
the reactions to completion under MAOS, which for most
cross coupling reactions occurs much more quickly.[1] We de-
termined that this reaction mixture under batch conditions
takes approximately 2.5 min to reach the desired tempera-
ture (i.e., �200 8C); assuming for now that the top end tem-
perature is necessary to initiate the catalytic cycle, we began
taking readings at that time (Figure 1). Interestingly, there
appears to be no lag phase and conversion followed almost
linear kinetics, albeit slowly. This was concerning for it im-
plied that the sequence might not be suitable for MACOS
as continuously flowed reactions must proceed as far as pos-
sible within �120 seconds to avoid the need for stop flow,
or passing the sample back through the microwave cavity
multiple times,[14] which compromises some of the advantag-
es of working in a flowed format.


The poor MACOS results when using Pd PEPPSI-IPr sug-
gested the use of metal-coated capillaries for this coupling
sequence due to success of these capillaries in related cou-
pling reactions.[6] In those cases, no additional (homogene-


Table 1. MACOS-mediated conversion of 2-bromoalkenes and 2-bromoanilines to indoles by using the Pd PEPPSI-IPr catalyst, both with and without
metal-lined capillaries.


Entry Vinyl
bromide


Mode Conditions[a,b] Product Conversion [%][c]


(Yield [%])[d]


1 1c flow flow rate: 15 Lmin�1, 75 psi back pressure, 200 W, T=100 8C, clear 1180 mm ID capillary 3c 0 (0)
2 1a flow flow rate: 15 Lmin�1, 75 psi back pressure, 240 W, T=105 8C, clear 1180 mm ID capillary 3a 0 (0)
3 1c batch 240 W, T=105 8C, 20 min 3c 85 (74)
4 1b batch 240 W, T=175 8C, 22 min 3b 83 (70)
5 1c flow flow rate: 15 Lmin�1, 75 psi back pressure, 22 W, T=205 8C, Pd-coated 1180 mm ID capil-


lary[e] (no Pd PEPPSI-IPr catalyst)
3c 0 (0)


6 1a flow flow rate: 15 Lmin�1, 75 psi back pressure, 22 W, T=205 8C, Ag-mirror coated 1180 mm capil-
lary (i.e., dense Ag film)[e]


3a 48 (32)


7 1a flow flow rate: 15 Lmin�1, 75 psi back pressure, 22 W, T=205 8C, Ag-coated 1180 mm ID capillary
from colloidal Ag (i.e., porous Ag film)[e]


3a 62 (47)


8 1a flow flow rate: 15 Lmin�1, 75 psi back pressure, 22 W, T=205 8C, Pd-coated 1180 mm, ID capil-
lary[e]


3a 95 (81)


9 1a flow flow rate: 15 Lmin�1, 75 psi back pressure, oil bath, T=200 8C, Pd-coated 1180 mm ID capil-
lary[e]


3a 57


[a] The temperature reported for these transformations is the temperature observed by the IR sensor in the irradiation chamber of the Biotage Smith
Creator Microwave Synthesizer. Because the sensor measures only the surface temperature of the capillary, this may, or may not accurately reflect the
temperature of the solution inside of the tube during flow. [b] For the structure of Pd PEPPSI-IPr, see Scheme 1. [c] Percent conversion is determined by
evaluating the ratio of starting material to indole product in the 1H NMR spectrum of the crude effluent taken directly from the reaction capillary.
[d] Percent yield is determined by following purification on silica-gel chromatography of a fixed volume of reaction mixture containing a known amount
of 1 and 2 to begin the transformation. [e] All metal-coated capillaries are prepared to a thickness of 6 microns; of the total length of the capillary
(�12 cm), approximately 3 cm is actually irradiated in the microwave chamber.
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ous) Pd catalyst was required as a Pd film by itself promoted
Suzuki–Miyaura and Heck reactions.[6] While successful in
those applications, there was no conversion in the present
sequence with just the Pd-coated capillary and no Pd
PEPPSI-IPr catalyst (Table 1, entry 5).


Metal films possibly have a dual role in these coupling
procedures.[6] Clearly, cross-coupling reactions performed
with just a Pd-coated reaction capillary (i.e. , no additional


homogeneous catalyst) point to a catalytic role, at least with
Pd, but metal films are also known to couple very effectively
with microwave irradiation to generate a current that gener-
ates significant heat.[15] In light of this, we considered flow-
ing the Pd PEPPSI-IPr-containing solution through a metal-
coated capillary to see if the superior heating might help
promote this transformation. We have found that silver
films absorb microwave irradiation suitably, thus we first
tried such a capillary (Table 1, entry 6). For the first time
with MACOS, we began to see appreciable conversion
(48%) that proceeded straight through to the indole, that is,
we saw no intermediate coupling products and starting ma-
terials which could account for the balance of the reaction
mixture. We tried the same transformation by using a Pd-
coated capillary (Table 1, entry 8) and noticed another sig-
nificant improvement in conversion (essentially quantita-
tive) relative to the Ag-mirror-coated capillary. With this ob-
servation in hand, we subjected a variety of coupling part-
ners to the MACOS procedure employing the Pd-coated ca-
pillary and it worked very smoothly (Scheme 1); the reac-
tions were very clean with minimal, if any, byproducts.


According to our mechanistic understanding of this partic-
ular coupling sequence, it is not likely that the Ag film is ca-
pable of serving in any role other than as an effective heat
source, that is, it is not actively catalyzing any of the chemis-
try. Given that the Pd film on its own did not yield any


Figure 1. Percent conversion of 1-bromo-1-phenylethylene (1c) and 2-
bromoaniline (2a) to 2-phenylindole (3c) by Pd PEPPSI-IPr under batch
reaction conditions as a function of time by using the conditions listed in
Table 1, entry 3.


Scheme 1.
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product, it is not immediately clear why the Pd film provid-
ed considerably better results than its Ag-mirror film coun-
terpart when the Pd PEPPSI-IPr catalyst was employed.
The Pd film[16] is made of nanoparticles and it is highly
porous in contrast to the Ag-mirror film; the Ag-mirror film
is compact with only small voids between the grains (Fig-
ure 2b and d). This latter morphology gives the Ag film its
mirror-like appearance, while the porous nature of the Pd


film (Figure 2a and c) leads to a
dark grey, partially transparent
film, despite the fact that both
films were prepared such that
they contained the same quanti-
ty of metal by weight. The more
porous Pd film is not likely to
heat up any more effectively en
masse than the Ag-mirror film
at the macroscopic level. This is
supported by the IR sensor
temperature readings in the mi-
crowave cavity (see Table 1, entry 6 and Scheme 1) indicat-
ing that the same temperature was reached in both sys-
tems.[17] That said, perhaps the Pd film, possessing more ir-
regularities, could potentially have hotter sites at the micro-
scopic level; steps and corners on the surface of metal films
have been suggested to enhance microwave absorption that
could lead to localized “hot spots” in the film.[6] So, while
the bulk temperature recorded by the IR sensor is 200 8C,
microscopic regions in the film could be 300 or 400 8C (or
higher) and this could lead to a much higher reactivity of


the Pd PEPPSI-IPr catalyst in those regions. This might be
considered analogous to flash vacuum thermolysis transfor-
mations in which gas-phase reactants under high vacuum
are flowed through a quartz tube that is generally heated to
�500 8C; contact with the super-heated walls results in very
fast and remarkably clean conversions (e.g., retro-Diels–
Alder reactions). With this in mind, we re-examined the
morphology of the Ag film and tried to create a microstruc-


ture that was more similar to
the porous Pd film. This was
achieved by depositing Ag2O
colloids from ethylene glycol
onto the glass surface; the re-
sulting films were dull gray and
semitransparent. SEM
(Figure 3) and EDX analysis
confirmed that the films have a
larger surface area than the cor-
responding silver-mirror films
(see Figure 2b to compare
images at the same magnifica-
tion) and that they contained
mostly Ag0, respectively. How-
ever, the surface area is still
much lower than for the Pd
films (see Figure 2a to compare
images obtained at the same
magnification). The resultant
porous Ag film did result in sig-
nificantly better conversion
when compared to the silver
mirror (Table 1, entry 7


versus 6); the filmOs morphology clearly plays an important
role in this chemistry.


While an improvement in conversion was observed when
the Ag filmOs surface area was enhanced, it still fell noticea-
bly short of the quantitative conversion obtained when the
structurally-analogous Pd film was used. It is possible that
the Pd film is doing more than just providing heat. Perhaps
Pd PEPPSI-IPr catalyzes one of the steps quite efficiently
when a metal film is present, but it catalyzes the other step
less effectively. The Ag film can provide high temperatures,


Figure 2. SEM images depicting the morphology of the Pd and Ag films lining the capillaries that are used in
the MACOS process to generate indoles by an amination/Heck coupling sequence. Panels a) and b) show a
section of the Pd- and Ag-thin film removed from the capillary at P30000 magnification, respectively. Pan-
els c) and d) show images obtained for the same region of Pd- and Ag-thin films at P100000 magnification, re-
spectively.


Figure 3. SEM images depicting the morphology of the Ag film prepared by using Ag2O colloids. Panels a)
and b) are taken at P10000 and P30000 magnifications, respectively.
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but no catalytic role, whereas the Pd film is capable of pro-
viding both heat and catalytic activity and this leads to the
high conversion in the Pd case that is absent with Ag. This
might be supported by the fact that Pd PEPPSI-IPr has
been demonstrated to be highly efficient in sp3–sp3 couplings
with little or no competing b-hydride elimination, which, of
course, is a requisite for the Heck reaction in this se-
quence.[13] Perhaps it is the Heck component of the se-
quence that is responsible for the prolonged reaction times
in batch mode employing Pd PEPPSI-IPr in which full con-
version to product requires >20 min., whereas the flowed
reactions through Pd-coated capillaries are complete in
<120 s!


There is perhaps some concern over the thermal stability
of the Pd PEPPSI-IPr catalyst during prolonged irradiation,
and this might account for the sluggish reactivity in the
batch runs; that is, some of the catalyst may be decompos-
ing. To probe this possibility, we performed two control ex-
periments; both involved stressing the catalyst. In one case,
we flowed Pd PEPPSI-IPr through a Pd-coated capillary
while irradiating at 205 8C and in another case we simply
heated Pd–PEPPSI-IPr at 205 8C in a batch setting for
20 min. Both stressed catalysts were used (separately) for
the batch reaction shown in Table 1, entry 3; both yielded
complete conversion to the indole product, thus catalyst sta-
bility does not appear to be an issue in this chemistry.


To further probe the reliance of Pd PEPPSI-IPr on the
Pd-coated capillary for this process (and vice versa), we ran
several additional control experiments. We have already
published that MACOS with Pd films smoothly performs
the Heck reaction of 4 with 5 in 99% conversion by using
DMA (DMA=dimethylacetamide) solvent (Scheme 2).[6]


Under the optimized conditions developed for the two-step
coupling sequence in this manuscript with toluene as the sol-
vent, but otherwise identical conditions to our previous
Heck results, there was no conversion at all to 6. Not sur-


prisingly, based on our alkyl–alkyl coupling results when
using Pd PEPPSI-IPr,[13] we also saw no Heck coupling
when it was used in the MACOS reactor with no Pd film.
Similarly, we tried independent amination reactions of 4
with 7 (Scheme 2), which we know to work with Pd
PEPPSI-IPr from other studies in our laboratories which
use DME (DME=dimethoxyethane) solvent in batch. Once
again, there is a high solvent dependence as the reaction
completely failed when using MACOS, as it did with just
the Pd-coated capillary. Thus, under the optimized reaction
conditions for the two-step process to generate indoles in
this report, none of the independent reactions proceeded
under MACOS in the absence of either the homogeneous
catalyst or the Pd film. We believe that the codependence of
a homogeneous catalyst with a metal surface demonstrated
in this study is without precedent.


A question often asked with MAOS-related methodology
relates to the existence of a “microwave effect” that pro-
motes reactions beyond simple effective heating. It is
common to run the analogous MAOS reaction by using con-
ventional heating methods and see if there is a significant
difference in the results. The reaction outlined in Table 1,
entry 8 was repeated in every aspect with the exception that
the transformation was conducted in an oil bath set to deliv-
er the identical temperature recorded by the IR sensor in
the Biotage Smith Creator Synthesizer (entry 9). A signifi-
cant reduction in conversion was observed when using con-
ventional heating (57 versus 95% with microwave irradia-
tion). This result also is suggestive that heating of the film,
at least in microscopic regions, may be generating tempera-
tures significantly in excess of the value recorded outside of
the metal-coated capillary.[17] This does not necessarily point
to a special microwave effect per se, but may none-the-less
point to a special relationship between metal films and mi-
crowave irradiation that leads to vastly superior heating.


Conclusions


A highly effective process has been developed for a two-
step amination/Heck coupling sequence to make indoles by
flowed synthesis catalyzed by both Pd PEPPSI-IPr and a
thin Pd metal film on the surface of the flow tube while
being heated by microwave irradiation. The flowed process
yields zero product when either the Pd PEPPSI-IPr or the
Pd-metal film is omitted. Substitution of the Pd film for an
Ag-mirror, which presumably generates that same bulk
heating, leads to a significant reduction in conversion, sug-
gesting that both the Pd PEPPSI-IPr and the Pd film are in-
volved in the catalysis. Conversely, irregularities in the struc-
ture of the Pd film, which are absent in the Ag-mirror film,
could lead to localized “hot spots” of intense temperature in
the presence of microwave irradiation[6] that drives the Pd
PEPPSI-IPr catalyst more effectively to conduct not only
the amination reaction, but the high-energy b-hydride elimi-
nation step that is required for the Heck step in this process.
The Ag film possesses much lower electrical resistanceScheme 2.
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(1.617P10�8 W) relative to Pd (10.73P10�8 W) (values for
298 K) and, therefore, should generate more heat while
being irradiated, and yet conversion with Ag is consistently
lower than with Pd.[18] Temperatures of microscopic regions
in the films cannot be assessed, but it seems to support the
morphology argument. This notion might be supported by
the observed increase in conversion when the dense Ag-
mirror morphology is substituted with a rougher Ag film.
Indeed in attempted Heck reactions conducted in our labo-
ratories utilizing Pd PEPPSI-IPr, the Heck product was only
observed after prolonged batch heating at 120 8C in an oil
bath. Product formation always happened concomitantly
with significant darkening of the solution that may well have
been the result of the catalyst blacking-out; there is a strong
possibility that the conversions in these Heck reactions were
catalyzed by Pd black, and not by Pd PEPPSI-IPr. In an
analogous manner then, it is also possible that the deposited
Pd colloids in the film are promoting the second step. In this
case, the Pd film would be incapable of performing the ami-
nation (vide supra), hence the need for both the catalyst
and the Pd film.


We have discovered a variety of other transformations,
both metal-catalyzed and non-metal-catalyzed, that similarly
only proceed in the presence of a metal film. This will allow
the exploration of a wealth of new chemistries that can be
run under the highly efficient MACOS methodology. We
will be reporting on these observations in due course.
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Unique Properties of DNA Interstrand Cross-Links of Antitumor Oxaliplatin
and the Effect of Chirality of the Carrier Ligand


Jana Kasparkova,[a] Marie Vojtiskova,[a] Giovanni Natile,[b] and Viktor Brabec*[a]


Introduction


Oxaliplatin [(1R,2R-diamminocyclohexane)oxalatoplatinum-
(ii)] (Scheme 1) is a third-generation platinum antitumor
compound. It is a drug in the same family as cisplatin [cis-di-
amminedichloridoplatinum(ii)] and carboplatin [cis-diammi-
necyclobutanedicarboxylatoplatinum(ii)]. It is typically ad-
ministered in combination with fluorouracil and leucovorin
for the treatment of colorectal cancer.[1] In relation to cispla-
tin, the two amine groups are replaced by cyclohexanedia-
mine for improved antitumor activity. The chlorido ligands


are replaced by the bidentate oxalato group derived from
oxalic acid in order to improve water solubility.
The cytotoxicity of platinum compounds is thought to


result primarily from the formation of DNA–platinum intra-
strand and interstrand cross-links (CLs), but the relative ef-
ficacy of these CLs remains unknown.[2,3] The sequence and


Abstract: The different antitumor and
other biological effects of the third-
generation antitumor platinum drug
oxaliplatin [(1R,2R-diamminocyclohex-
ane)oxalatoplatinum(ii)] in comparison
with those of conventional cisplatin
[cis-diamminedichloridoplatinum(ii)]
are often explained by the ability of
oxaliplatin to form DNA adducts of
different conformation and conse-
quently to exhibit different cytotoxic
effects. This work describes, for the
first time, the structural and biochemi-
cal characteristics of the interstrand
cross-links of oxaliplatin. We find that:
1) DNA bending, unwinding, thermal
destabilization, and delocalization of
the conformational alteration induced


by the cross-link of oxaliplatin are
greater than those observed with the
cross-link of cisplatin; 2) the affinity of
high-mobility-group proteins (which
are known to mediate the antitumor
activity of platinum complexes) for the
interstrand cross-links of oxaliplatin is
markedly lower than for those of cis-
platin; and 3) the chirality at the carri-
er 1,2-diaminocyclohexane ligand can
affect some important structural prop-
erties of the interstrand cross-links of


cisplatin analogues. Thus, the informa-
tion contained in the present work is
also useful for a better understanding
of how the stereochemistry of the carri-
er amine ligands of cisplatin analogues
can modulate their anticancer and mu-
tagenic properties. The significance of
this study is also reinforced by the fact
that, in general, interstrand cross-links
formed by various compounds of bio-
logical significance result in greater cy-
totoxicity than is expected for mono-
functional adducts or other intrastrand
DNA lesions. Therefore, we suggest
that the unique properties of the inter-
strand cross-links of oxaliplatin are at
least partly responsible for this drug1s
unique antitumor effects.


Keywords: antitumor agents ·
conformation analysis · DNA ·
platinum · structure–activity
relationships
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Scheme 1. Structures of platinum compounds: A) cisplatin, B) oxaliplatin,
C) [Pt ACHTUNGTRENNUNG(R,R-dach)]2+, and D) [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ .
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region specificity and the type and frequency of adducts
formed by oxaliplatin and cisplatin appear to be similar.[4–6]


Thus, oxaliplatin would be expected to damage DNA to a
similar extent as cisplatin. However, various methodologies
have suggested that oxaliplatin induces fewer lesions in
naked and cellular DNA than equimolar cisplatin does.[6–8]


These findings suggest that oxaliplatin-induced DNA
damage may differ in various aspects from that of cisplatin.
Recently, structural differences between 1,2-GG intrastrand
CLs (G: guanine) of oxaliplatin and cisplatin have been sug-
gested to explain some of the differences between the bio-
logical effects of these two platinum drugs.[9–11] An intrigu-
ing, but so far not examined, eventuality is that oxaliplatin
cytotoxicity might possibly result from relatively more lethal
lesions, such as interstrand CLs. Hence, it is of particular in-
terest to shed light on the distortions induced in DNA by in-
terstrand CLs of oxaliplatin.
The determination of the structure of these CLs is a key


step which may give a new insight into the formation, stabil-
ity, cellular processing, and repair of oxaliplatin lesions. In
order for the reaction of oxaliplatin with DNA to occur, the
parent compound must become aquated. The hydrolysis of
oxaliplatin to form the reactive diaqua species [Pt ACHTUNGTRENNUNG(R,R-
dach) ACHTUNGTRENNUNG(H2O)2]


2+ (dach: 1,2-diaminocyclohexane; Scheme 1)
is a slower process than the hydrolysis of cisplatin. In addi-
tion, besides oxaliplatin, another enantiomeric form of this
complex exists, so a comparison of the effects of interstrand
CLs of platinum complexes with enantiomeric amine li-
gands, such as [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ (derived from oxaliplatin)
and [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ , on DNA conformation is also of great
interest. To achieve this, various biochemical methods that
are currently used for characterization of DNA distortion
induced by DNA-damaging agents were employed in the
present work to characterize the interstrand CLs of [Pt ACHTUNGTRENNUNG(R,R-
dach)]2+ and its S,S enantiomer. In addition, the recognition
and binding of various proteins have been shown to play an
important role in the mechanism of antitumor effects of
platinum antitumor drugs, with abundant high-mobility-
group (HMG) domain proteins binding to platinated DNA
being most frequently studied.[12] Hence, recognition by
HMGB1 domain proteins of DNA duplexes containing
single, site-specific interstrand CLs of [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ (ox-
aliplatin) and [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ was also assayed. The results
are compared with the data obtained previously or in the
present work for the interstrand CL of cisplatin.


Results


Frequency of interstrand cross-links and preferential sites in-
volved in these adducts : It has already been shown that the
sites in DNA and the spectra of oxaliplatin adducts are
nearly identical to those in the situation in which DNA is
modified by cisplatin.[6] Therefore, we decided to confirm
that the reactive form of oxaliplatin produces the interstrand
CLs with the same rate and in the sequence in which cispla-
tin preferentially forms interstrand CLs, that is, between


guanine residues in the sequence 5’-GC/5’-GC (C: cyto-
sine).[13]


We quantitated the interstrand cross-linking efficiency of
[Pt ACHTUNGTRENNUNG(R,R-dach)]2+ , [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ , and cisplatin in a 2455-
bp DNA fragment, which was modified by these complexes
at 37 8C for 24 h so that a value of rb=0.001 was attained (rb
is defined as the amount of platinum atoms bound per one
nucleotide in DNA). The samples were analyzed for the in-
terstrand CLs by agarose gel electrophoresis under denatur-
ing conditions, as described in the Experimental Section.
Upon electrophoresis, 3’-end-labeled strands of the 2455-bp
DNA migrate as a 2455-mer single strand, whereas the inter-
strand cross-linked strands migrate more slowly as a higher
molecular mass species (Figure 1). The bands corresponding


to the more slowly migrating interstrand cross-linked frag-
ments (2455 nucleotides) were seen for both enantiomers
(Figure 1, lanes 2 and 3). The intensity of these more slowly
migrating bands corresponding to the interstrand-cross-
linked fractions was the same for both enantiomers. The fre-
quencies of interstrand CLs of [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ and [Pt ACHTUNGTRENNUNG(S,S-
dach)]2+ (the number of interstrand CLs per adduct) were
5.7�0.4 and 5.5�0.5%, that is, these frequencies were very
similar to that found for cisplatin (5.5�0.3%).
Cisplatin and its bifunctional analogues react with DNA


in a two-step process.[14] Monofunctional adducts are formed
preferentially at the N7 atoms of G residues. These lesions
subsequently close to bifunctional CLs (intrastrand and/or
interstrand). By considering this fact, we have designed the
synthetic oligodeoxyribonucleotide duplex TCGCT (shown
in Figure 2C, containing a central TCGCT sequence in the
pyrimidine-rich top strand and a central AGCGA sequence
in the complementary bottom strand; the top and bottom
strands of each pair of duplexes used in the present work
are designated 1top1 and 1bottom1, respectively, throughout).
The pyrimidine-rich top strand of this duplex contains a


Figure 1. The formation of the interstrand CLs by platinum complexes in
the linear pSP73KB plasmid (2455 bp). Autoradiogram of denaturing 1%
agarose gel of the DNA fragments that were 3’-end labeled. The inter-
strand cross-linked DNA appears as the top band, which is migrating on
the gel more slowly than the single-stranded DNA (contained in the
bottom band). The DNA fragments were nonplatinated (control; lane 1)
or incubated for 24 h with [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ (oxaliplatin), [Pt ACHTUNGTRENNUNG(S,S-
dach)]2+ , or cisplatin (lanes 2–4, respectively). The rb value was 0.001.
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unique G residue, at which the monofunctional adduct of
[Pt ACHTUNGTRENNUNG(R,R-dach)]2+ , [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ , or cisplatin was formed.
Thus, the choice of this oligonucleotide allowed for a cross-
linking study under competitive conditions (that is, three
types of interstrand CLs were in principle possible: between
the central G residue in the top strand and the complemen-
tary C residue or the 5’- or 3’-G residues adjacent to the
complementary C residue in the bottom strand).
The top strands of the duplexes containing the monofunc-


tional adducts of [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ , [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ , or cis-


platin were hybridized with the complementary (bottom)
strand which was 32P-labeled at the 5’ end. The mixtures
were incubated at 37 8C in NaClO4 (0.1m) for 48 h and sub-
jected to gel electrophoresis under denaturing (strand-sepa-
rating) conditions to detach the two strands of the duplexes.
A new band migrating more slowly and corresponding to
two cross-linked strands was clearly seen (Figure 2A). The
yields of these interstrand cross-linking reactions were ap-
proximately 40% for both enantiomers and cisplatin. It was
verified that, after the treatment of the species contained in
the more slowly migrating band with NaCN (0.2m, pH 11),
the product migrated in the gel as a single strand (not
shown).
The interstrand cross-linked samples (the bands corre-


sponding to the interstrand cross-linked duplexes were cut
off and the duplexes were eluted and purified by standard
procedures) were further analyzed by hydroxyl-radical foot-
printing.[15,16] The hydroxyl radicals generated by reaction of
the ethylenediaminetetraacetate (EDTA) complex of
iron(ii) with hydrogen peroxide initiate cleavage of the
DNA phosphodiester backbone by abstracting a hydrogen
atom from a deoxyribose. The key experimental advantage
of the hydroxyl radical as a chemical probe is that it effects
DNA cleavage with no base or sequence specificity. We
used hydroxyl-radical footprinting to identify the nature of
the bases in the duplexes interstrand cross-linked by [Pt-
ACHTUNGTRENNUNG(R,R-dach)]2+ , [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ , or cisplatin. These duplexes
containing a single interstrand CL were 32P-labeled at the 5’
end of either the pyrimidine-rich strand or the purine-rich
strand. The fragments generated by hydroxyl radicals were
separated on a polyacrylamide (PAA) gel under denaturing
conditions. The cleavage patterns for the platinated and un-
platinated oligonucleotides, as well as the Maxam–Gilbert
sequencing patterns for the unplatinated oligonucleotides (a
guanine-specific reaction making it possible to identify the
location of guanine residues in each strand), are shown in
Figure 2B. For the two strands of the unplatinated duplex, a
uniform cleavage was obtained (Figure 2B, lane noPt). For
the platinated duplexes, all of the bases from the 5’ end up
to the interstrand CL were detected. All of the other bases
were undetected because the generated fragments were
cross-linked and consequently migrated with a reduced mo-
bility compared to that of each unplatinated strand.
Thus, from the observation that all fragments correspond-


ing to cleavage by hydroxyl radicals from the 5’ end up to
the interstrand CL were detected and separated according
to size on a PAA gel (Figure 2B), the exact location of the
bases involved in the interstrand CL was deduced.[15,16] The
interstrand CLs formed by [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ , [Pt ACHTUNGTRENNUNG(S,S-
dach)]2+ , and cisplatin in the duplex TCGCTwere unambig-
uously identified as 1,2-GG interstrand adducts involving
the central G site in the top strand and the G residue of the
neighboring base pair in the bottom strand (Figure 2B), that
is, between G residues in the 5’-GC/5’-GC sequence. Thus,
these results are consistent with the hypothesis that both
[Pt ACHTUNGTRENNUNG(R,R-dach)]2+ and [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ readily form inter-
strand CLs in the 5’-GC/5’-GC sequence like cisplatin.


Figure 2. The interstrand cross-link formation in the oligodeoxyribonucle-
otide duplex (TCGCT shown in C) formed at 37 8C by mixing the top
strand uniquely monoadducted by [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ (oxaliplatin), [Pt ACHTUNGTRENNUNG(S,S-
dach)]2+ , or cisplatin at the central G residue with the bottom strand.
A) Autoradiogram of a 12% PAA/urea denaturing gel of the duplexes
the bottom strand of which was 5’-end labeled. The cross-linking reaction
was stopped after 24 h by adjusting the NaOH concentration to 10 mm


and cooling the samples to 0 8C. Lanes: C: control, unmodified duplex;
R,R, S,S, cisPt: duplex cross-linked by [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ , [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ ,
or cisplatin, respectively. B) Hydroxyl-radical footprinting of interstrand
cross-links of [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ , [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ , or cisplatin. Shown are
autoradiograms of the denaturing 24% PAA/8m urea gel of the products
of the reaction between hydroxyl radicals and the duplex TCGCT either
unmodified or containing an interstrand CL. The top (left) or bottom
(right) strand was 5’-end labeled. Lanes: noPt: unplatinated duplex; R,R,
S,S, cisPt: duplex containing an interstrand CL of [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ , [Pt-
ACHTUNGTRENNUNG(S,S-dach)]2+ , or cisplatin, respectively; G: a Maxam–Gilbert specific re-
action for the unplatinated duplex. For further details, see the text. C) Se-
quence and abbreviation of the synthetic oligodeoxyribonucleotide
duplex used for analysis of interstrand cross-links. The boldface letters in-
dicate the platinated residues in the interstrand cross-linked duplexes.
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Conformational changes produced in double-helical DNA
by the site-specific interstrand cross-link : In contrast to cis-
platin, oxaliplatin forms DNA adducts that contain the R,R-
DACH carrier ligand. The goal of this work was to establish
whether the steric structure of the nonleaving group of plati-
num DACH enantiomers affects distortions induced in
DNA by the formation of the interstrand CLs. We have ana-
lyzed oligodeoxyribonucleotide duplexes containing a single,
site-specific interstrand CL of [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ , [Pt ACHTUNGTRENNUNG(S,S-
dach)]2+ , or cisplatin by using various biochemical and bio-
physical methods, such as measurements of DNA melting,
CD spectroscopy, chemical probing of DNA conformation,
and electrophoretic retardation as a quantitative measure of
local bending and unwinding.


DNA melting : Melting-temperature measurements by UV
absorption spectrophotometry were conducted to character-
ize the thermally induced denaturation of the 15-bp duplex
TGCT(15) (see Figure 3A for the sequence) with the specif-


ic goal of elucidating the thermal consequences of modifying
and constraining DNA through a single, site-specific inter-
strand CL of [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ , [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ , or cisplatin.
The CLs were formed in the center of these duplexes be-
tween G residues in the 5’-GC/5’-GC sequence. Comparison
of the melting temperatures (Tm) for the cross-linked du-
plexes and for the unconstrained (unplatinated) duplex
(Table 1) reveals that formation of either CL results in a
substantial increase in the thermal stability of the duplex
(the differences between the Tm values of the cross-linked
and unplatined parental duplex, DTm, were 20.8, 22.4, or
18.2 8C for the CLs of [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ , [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ ,
and cisplatin, respectively).
The unconstrained (unplatinated) duplex TGCT(15) de-


natures in a bimolecular reaction to form two single strands.
As a consequence, the melting of the unplatinated duplex


was dependent on the overall oligonucleotide concentration.
By contrast, the duplexes containing the interstrand CL
melted in a concentration-independent manner to a dena-
tured state, which is consistent with the expectation that the
molecularity had been reduced from bimolecular to mono-
molecular due to the presence of the interstrand CL. Thus,
the observed DTm values are apparently affected by the fact
that the original bimolecular oligomer system became mon-
omolecular as a consequence of the cross-linking. Upon in-
troduction of a single platinum interstrand CL, the change
in the Tm value can result not only from the change in the
molecularity of the system but also from a different mecha-
nism for the melting transition. We tried to dissect these two
components of the observed cross-link-induced shift in ther-
mal stability. To estimate how much of the observed DTm


difference results from the change in molecularity, we used
an approach based on examination of the thermal transition
of the hairpin (duplex TGCT(15) loop, Figure 3A). The
stem duplex of this hairpin structure contained two comple-
mentary nucleotide sequences identical to those of the top
and bottom strands of duplex TGCT(15); however, these
strands were still linked by a short single-stranded loop com-
posed of five thymine residues. The thymine residues in this
short loop behave as denatured single strands and should
contribute little to the transition energetics of an adjacent
stem duplex.[17,18] Hence, it is reasonable to expect that the
hairpin TGCT(15) loop melts in the same way as the duplex
TGCT(15) but in a monomolecular, concentration-inde-
pendent reaction.[18] In this way, if the DTm value is calculat-
ed as the difference between the values of Tm for the inter-
strand cross-linked duplex TGCT(15) and the nonplatinated
hairpin TGCT(15) loop, one “corrects” for the concentra-
tion dependence of the Tm value of duplex TGCT(15) and
obtains the change in the Tm value corresponding to effects
other than the change in molecularity of the system.
Examination of the thermal melting of the nonmodified


hairpin TGCT(15) loop revealed that its melting tempera-
ture was 75.4 8C, that is, a value 24.2 8C higher than that
found for duplex TGCT(15). Hence, this value can be taken
in the first approximation as a “reduced” concentration-in-


Figure 3. Nucleotide sequences of the synthetic oligodeoxyribonucleoti-
des. A) Sequences of the oligonucleotides used in DNA melting experi-
ments. B) Sequences of the oligonucleotides used in DNA bending and
unwinding experiments and their abbreviations. The boldface letters indi-
cate the platinated residues in the interstrand cross-linked duplexes.


Table 1. Melting temperatures, Tm, of duplexes that were unplatinated or
contained a single, site-specific interstrand cross-link of [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ ,
[Pt ACHTUNGTRENNUNG(S,S-dach)]2+ , or cisplatin.


Duplex Tm [8C][a]


TGCT(15)-noPt[b] 51.2
TGCT(15)-loop (noPt)[c] 75.4
TGCT(15)-R,R[d] 72.0
TGCT(15)-S,S[e] 73.6
TGCT(15)-cisPt[f] 69.4


[a] The error is �0.3 8C. [b] Unplatinated duplex TGCT(15). [c] Unplati-
nated hairpin duplex; the stem duplex of this hairpin structure contained
two complementary nucleotide sequences identical to those of the top
and bottom strands of the duplex TGCT(15), which were linked in this
duplex by a short single-stranded loop composed of five thymine resi-
dues. [d] Duplex TGCT(15) containing a cross-link of [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ .
[e] Duplex TGCT(15) containing a cross-link of [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ .
[f] Duplex TGCT(15) containing a cross-link of cisplatin.
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dependent melting temperature
for the nonmodified duplex
TGCT(15). This “reduced” Tm


value of the unplatinated
duplex is significantly different
from the Tm values of the cross-
linked duplexes. Formation of
the interstrand CL in DNA by
[Pt ACHTUNGTRENNUNG(R,R-dach)]2+ , [Pt ACHTUNGTRENNUNG(S,S-
dach)]2+ , or cisplatin decreased
the thermal stability of DNA,
with the CL of cisplatin being
most efficient and that of [Pt-
ACHTUNGTRENNUNG(S,S-dach)]2+ being least effi-
cient (Table 2). Hence, the
overall impact of a single inter-
strand CL of [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ ,
[Pt ACHTUNGTRENNUNG(S,S-dach)]2+ , or cisplatin
should not be associated only
with the change in molecularity
of the duplex system; instead,
another mechanism also has to
be involved in lowering the
thermal stability of the
duplex,[19] presumably through
conformational alterations.


Circular dichroism spectroscopy : The CD spectra of the 15-
bp duplex TGCT(15) (shown in Figure 4B) containing a
single, site-specific interstrand CL of [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ , [Pt-
ACHTUNGTRENNUNG(S,S-dach)]2+ , or cisplatin and its nonmodified counterpart
at 25 8C were also measured to study the macroscopic helical
geometry of the nonmodified and cross-linked duplexes and
to monitor differences in the overall structures of these du-
plexes. The perturbation of the B conformation of DNA due
to the formation of the interstrand CLs of the three plati-
num compounds results in the marked red shift of the posi-
tive band of DNA at 276 nm and the negative band at
245 nm (Figure 4A). In addition, the intensity of these bands
is markedly decreased. Interestingly, the spectra of the du-
plexes containing the interstrand CLs of [Pt ACHTUNGTRENNUNG(dach)]2+ com-
plexes were different from that of the duplex containing the
CL of cisplatin, thereby demonstrating that the interstrand
CLs of [Pt ACHTUNGTRENNUNG(dach)]2+ complexes distort the DNA conforma-
tion differently to the CLs of cisplatin. Also interestingly,
the CD spectra of the duplexes containing the interstrand
CLs of [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ and [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ differ as well,
a fact suggesting a chirality-dependent character of the con-
formational distortion induced in DNA by interstrand CLs
of [Pt ACHTUNGTRENNUNG(dach)]2+ complexes.


Chemical probes : To further characterize the distortions in-
duced in DNA by interstrand CLs of [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ or
[Pt ACHTUNGTRENNUNG(S,S-dach)]2+ , the 23-bp oligonucleotide duplex
TGCT(24) (shown in Figure 3B), containing the site-specific
interstrand CL of [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ , [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ or, for
comparative purposes, of cisplatin was treated with several


chemical agents that are used as tools for monitoring the ex-
istence of conformations other than canonical B-DNA.
These agents included KMnO4, bromine, or diethyl pyrocar-
bonate (DEPC) as probes for thymine, cytosine, and ade-


Table 2. Summary of the results demonstrating the properties of interstrand cross-links formed by [Pt ACHTUNGTRENNUNG(R,R-
dach)]2+ (oxaliplatin), [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ , and cisplatin in the 5’-GC/5’-GC sequence.


Interstrand CL of: DTm [8C][a] Bending [8][b] Unwinding [8] Chemical probes[d] Recognition by:
HMGB1a HMGB1b


cisplatin 6.0�0.2 45�2[c] 79�3[c] no[e] yes[e]


[Pt ACHTUNGTRENNUNG(R,R-dach)]2+ 3.4�0.2 56�2 96�2 no no


[Pt ACHTUNGTRENNUNG(S,S-dach)]2+ 1.8�0.2 61�3 82�1 no no


[a] DTm=Tm (platinated)�Tm (unplatinated); the Tm (unplatinated) value was that found for the unplatinated
duplex TGCT(15)-loop, while the Tm (platinated) value was that found for the platinated duplex TGCT(15).
The values are “corrected” for the concentration dependence of the Tm value of duplex TGCT(15). See the
text for further details. Each value represents the mean value from three melting experiments � the standard
deviation. [b] Toward the minor groove. Each value represents the mean value from three experiments � the
standard deviation. [c] Values from Malinge et al.[28] and the present work. Each value represents the mean
value from three independent determinations � the standard deviation. [d] Summary of the reactivity of
chemical probes with the duplexes TGCT containing an interstrand CL formed by cisplatin, [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ ,
or [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ . Closed and open circles designate strong and weak reactivities, respectively. [e] Values
from the present work and that of Kasparkova et al.[32]


Figure 4. A) CD spectra for the 15-bp duplex (TGCT(15) in B) unplati-
nated or containing a single, site-specific interstrand cross-link of [Pt-
ACHTUNGTRENNUNG(R,R-dach)]2+ (oxaliplatin), [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ , or cisplatin recorded at
25 8C. The duplex concentration was 2 mm and the buffer conditions were
tris(hydroxymethyl)aminomethane–HCl (Tris-HCl; 10 mm, pH 7.2), NaCl
(0.1m), and EDTA (0.1 mm). Curves: 1: unplatinated duplex; 2–4: the
duplex cross-linked by [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ , [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ , or cisplatin, re-
spectively. B) Sequence and abbreviation of the synthetic oligodeoxyribo-
nucleotide duplex used for analysis by CD spectroscopy. The boldface
letters indicate the platinated residues in the interstrand cross-linked du-
plexes.
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nine/guanine residues, respectively.[20–24] These probes react,
under the conditions used, with base residues in single-
stranded DNA and distorted double-stranded DNA but not
with the base residues in intact, double-stranded DNA.[20–24]


For this analysis, we used exactly the same methodology as
in our recent studies dealing with DNA adducts of various
antitumor platinum drugs. Thus, the details of this experi-
ment can be found in those articles[21,25,26] and representative
gels showing piperidine-induced specific strand cleavage at
KMnO4-modified, KBr/KHSO5-modified, and DEPC-modi-
fied bases in the 23-bp duplexes that were unplatinated or
contained a single, interstrand CL of [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ , [Pt-
ACHTUNGTRENNUNG(S,S-dach)]2+ , or cisplatin are demonstrated in Figure 5. The
results are schematically summarized in Table 2.


The pattern and degree of reactivity toward the chemical
probes were similar for the interstrand CLs formed by [Pt-
ACHTUNGTRENNUNG(dach)]2+ and cisplatin, in that cytosine residues comple-
mentary to the guanines modified by these complexes were
largely exposed to the solvent (Figure 5 and Table 2). The
flanking adenines and thymines were not reactive with
DEPC and KMnO4, respectively, in the case of the inter-
strand CL of cisplatin, a fact indicating that the distortion
induced by the formation of this CL was largely localized at
the platinated 5’-GC/5’-CG base pairs and no marked local
distortion took place in the vicinity of the platination site.
This result is in accordance with the previous observation
demonstrating that hyperreactivity of the two cytosine resi-


dues complementary to the platinated guanines to hydroxyl-
amine and that the distortion is limited to the platinated
base pairs.[27] By contrast, the pattern and degree of reactivi-
ty toward the chemical probes was different for the inter-
strand CLs of the two Pt-DACH enantiomers (Figure 5 and
Table 2). Few bases flanking the 5’-GC/5’-GC sequence
cross-linked by [Pt ACHTUNGTRENNUNG(dach)]2+ compounds were reactive with
chemical probes, thereby indicating a different character of
the conformational distortion induced in DNA by the inter-
strand CLs of these compounds. These results suggest that
the conformational distortion induced by [Pt ACHTUNGTRENNUNG(dach)]2+ com-
pounds is, in contrast to that with the CL of cisplatin, more
delocalized and extends over at least four or five base pairs
around the CL. The distortion induced by the interstrand
CL of [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ appears to be somewhat more delo-
calized than that of [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ , thereby confirming a
chirality-dependent character of the conformational distor-
tion induced in DNA by interstrand CLs of [Pt ACHTUNGTRENNUNG(dach)]2+


complexes.


Bending and unwinding : Among the alterations of the sec-
ondary and tertiary structure of DNA to which it may be
subject, the role of the intrinsic bending and unwinding of
DNA is increasingly recognized as being potentially impor-
tant in regulating replication and transcription functions
through specific DNA–protein interactions. For cisplatin in-
terstrand adducts, the structural details responsible for bend-
ing and subsequent protein recognition have been elucidat-
ed.[28–32] Given the recent advances in our understanding of
the structural basis for the bending of DNA caused by cis-
platin, it is also of considerable interest to examine how the
character of a carrier amine in the 1,2-GG interstrand
adduct affects the conformational properties of DNA, such
as bending and unwinding. In this work we further per-
formed studies on the bending and unwinding induced by
single, site-specific interstrand CLs of [Pt ACHTUNGTRENNUNG(dach)]2+ enantio-
mers formed in oligodeoxyribonucleotide duplexes between
guanine residues in the 5’-GC/5’-GC sequence.
As in the previous study,[28] we used electrophoretic retar-


dation as a quantitative measure of the extent of planar cur-
vature to analyze the bending and unwinding induced by the
single, site-specific interstrand CL formed by [Pt ACHTUNGTRENNUNG(R,R-
dach)]2+ or [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ . The oligodeoxyribonucleotide
duplexes TGCT ACHTUNGTRENNUNG(21–25) (the sequences of which are shown
in Figure 3B) were used in these studies. The ligation prod-
ucts of these unplatinated or [Pt ACHTUNGTRENNUNG(dach)]-containing duplexes
were analyzed on a native PAA electrophoresis gel. Experi-
mental details of these studies have been given in recent re-
ports.[28,33] Importantly, in the present work, we used the oli-
gonucleotide duplexes which had the same nucleotide se-
quences as those used previously by other authors[28] who
analyzed the bending and unwinding induced by the single,
site-specific interstrand CL of cisplatin. In addition, we used
methodology and experimental conditions in these experi-
ments which were exactly the same as in the previous
paper,[28] and we confirmed the previously obtained results
that the interstrand CL of cisplatin bent DNA toward the


Figure 5. Chemical probes of DNA conformation. Piperidine-induced
specific-strand cleavage at KMnO4-modified, KBr/KHSO5-modified, and
DEPC-modified bases in the TGCT(24) duplex (shown in Figure 3B) un-
platinated or containing a single, site-specific interstrand cross-link of [Pt-
ACHTUNGTRENNUNG(R,R-dach)]2+ (oxaliplatin), [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ , or cisplatin. Lanes: ss: the
unplatinated strand; ds: the unplatinated duplex; R,R, S,S, cisPt: the
duplex containing a unique interstrand adduct of [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ , [Pt-
ACHTUNGTRENNUNG(S,S-dach)]2+ , or cisplatin, respectively; G: a Maxam–Gilbert specific re-
action for the unplatinated duplex. The oligomers were 5’-end labeled on
either the top (left panel, marked TOP) or bottom strand (right panel,
marked BOTTOM).
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minor groove by 458 and unwound DNA by 798 (the gel is
not shown). Representative gels and the analysis showing
the mobility of the ligation products of 21–25-bp duplexes
containing single, site-specific, interstrand CLs of [Pt ACHTUNGTRENNUNG(R,R-
dach)]2+ or [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ at the sequence 5’-GC/5’-GC in
a PAA gel are shown in Figure 6A. The results are summar-
ized in Table 2. The DNA bending of 56 and 618 toward the
minor groove and the unwinding of 96 and 828 due to the
single, site-specific interstrand CLs formed by [Pt ACHTUNGTRENNUNG(R,R-
dach)]2+ or [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ , respectively, indicate that these
parameters are different for the two enantiomers and mark-
edly different from those found for the interstrand CL of
cisplatin (Table 2). The direction of the bend was deter-
mined by using the duplex 24-mer TGCT (A/T tract) (the
sequence is shown in Figure 3B), which also contained, be-
sides the single interstrand CL formed by the Pt–DACH en-
antiomer, the (A–T)6 tract located “in phase” from the CL
(the cross-linked base pairs and the center of the A tract
were separated by 11 bp), in the same way as in our recent
articles.[26,34, 35]


The mobility of a linear DNA molecule through a native
PAA gel is directly proportional to its end-to-end distance.
DNA multimers of identical length and number of bend
units, but with differently phased bends, have different end-
to-end distances. The DNA bends must be spaced evenly
and phased with the DNA helical repeat in order to add
constructively. Such constructively phased bends add in
plane to yield short end-to-end distances and the most
anomalous gel migration. If the ends come close enough to-
gether, they may close covalently upon reaction with DNA
ligase to form small DNA circles. Produced in ligations of
monomers investigated in this work were also some separate
bands arising from these small DNA circles, which migrate
close to the top of the gel (see the bands marked by aster-
isks in Figure 6A as an example). The occurrence of small
DNA circles was also evident if the platinum was removed
from the products of the ligation reaction by NaCN (0.2m,
pH 11)[21] (not shown). The highest tendency to yield DNA
circles was observed for the 23- or 24-bp multimers, a fact
confirming a close match between the 23- and 24-bp se-
quence repeats and the helix screw.[21,36,37]


Recognition by HMG domain proteins : An important fea-
ture of the mechanism of action of cisplatin is that the bend-
ing of the helix axis induced in DNA by 1,2-intrastrand or
1,2-interstrand CLs of cisplatin and the altered structures at-
tract HMG domain proteins and other proteins.[3,12, 30,38,39]


This binding of HMG domain proteins to DNA modified by
cisplatin has been postulated to mediate its antitumor prop-
erties.[12,40] Interestingly, full-length HMGB1 or HMGB2
proteins and the domains A and B of the HMGB1 protein
(HMGB1a and HMGB1b, respectively) bind to 1,2-GG in-
trastrand CLs of cisplatin. Even more interestingly, the full-
length HMGB1 protein and its domain B, with a lysine-rich
region (seven amino acid residues) of the A/B linker at-
tached to its N terminus, specifically recognize DNA that
has been interstrand cross-linked by cisplatin.[30, 32]


Figure 6. The mobility of the ligation products of 21–25-bp duplexes
(TGCT ACHTUNGTRENNUNG(21–25) shown in Figure 3B) containing a single, site-specific in-
terstrand cross-link of [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ or [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ at the central
sequence 5’-TGCT/5’-AGCA in an 8% PAA gel. A) Phosphorimage of
the ligation products of the duplexes containing an interstrand cross-link
of [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ (left panel) or [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ (right panel). Lanes:
No Pt: unplatinated duplexes; Pt: duplex containing the cross-link.
B) Plots showing the relative mobility K versus sequence length for the
21–25-bp oligomers containing the CL of [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ (left) or [Pt-
ACHTUNGTRENNUNG(S,S-dach)]2+ (right). Symbols: &: 21-mer; ~: 22-mer; !: 23-mer; ^: 24-
mer; *: 25-mer. C) Plots showing the relative mobility K versus interad-
duct distance in bp for the 21–25-bp oligomers containing the CL of [Pt-
ACHTUNGTRENNUNG(R,R-dach)]2+ (left) or [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ (right) with a total length of
100 bp. The experimental points represent the average of three independ-
ent experiments. The curves represent the best fit of these experimental
points to the simple quadratic equation K=ad2+bd+c (d : interadduct
distance; a–c : constants).[61]
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As oxaliplatin and its S,S enantiomer exhibit antitumor
activity different from that of cisplatin and as we found con-
siderable differences in the DNA conformation distorted by
the interstrand CLs of [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ , [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ ,
and cisplatin, it was also of considerable interest to examine
whether the interstrand CLs of these complexes are recog-
nized differently by HMG domain proteins. The interactions
of the domains A and B of the HMGB1 protein, which is
the prototypical member of the family of these proteins,
with 1,2-GG interstrand CLs of [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ or [Pt ACHTUNGTRENNUNG(S,S-
dach)]2+ were investigated by gel mobility shift experi-
ments.[32,41] In these experiments, the 22-bp duplex with
blunt ends (see Figure 7C for its sequence) was modified so
that it contained a single, site-specific interstrand CL
formed by [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ , [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ , or cisplatin
between G residues in the central 5’-GC/5’-GC sequence.
For comparative purposes, the 22-bp duplex was also used;


this duplex was identical to that containing the interstrand
CL except that its central sequence was TGGT/ACCA, at
which a single, site-specific 1,2-GG intrastrand CL of cispla-
tin was formed (Figure 7C). The binding of the domains
HMGB1a or HMGB1b to these DNA probes was detected
by retardation of the migration of the radiolabeled 22-bp
probes on the gel.[40,42, 43] These proteins exhibited negligible
binding to the unmodified 22-bp duplexes, whereas both
HMGB1a and HMGB1b recognized and bound to the
duplex containing the 1,2-GG intrastrand CL of cisplatin.
HMGB1b also recognized and bound to the duplex contain-
ing the interstrand CL of this metallodrug (indicated by the
presence of a shifted, more slowly migrating band) in the
same way as shown previously, for instance, in our recent
papers.[32,41] The results of the titration of the duplexes con-
taining the interstrand CL of [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ or [Pt ACHTUNGTRENNUNG(S,S-
dach)]2+ with the domains HMGB1a or HMGB1b indicate
that neither of these proteins bound the probes interstrand
cross-linked by [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ or [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ under
conditions when the HMGB1a or HMGB1b proteins exhib-
ited a considerable affinity for the duplex containing the
1,2-GG intrastrand or interstrand CL of cisplatin, respec-
tively (Figure 7A,B). Hence, the interstrand CLs of [Pt ACHTUNGTRENNUNG(R,R-
dach)]2+ or [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ are not recognized by HMG
domain proteins or the affinity of these proteins for the in-
terstrand CLs of [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ or [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ is
markedly lower than that for the 1,2-GG intrastrand CL and
interstrand CL of cisplatin.


Discussion


The goal of this study was to probe the hypothesis that dif-
ferences in the biological effects of oxaliplatin and cisplatin
(including cytotoxicity) might possibly result from differen-
ces in the character and processing of highly lethal lesions
formed by these metallodrugs, such as DNA interstrand
CLs. In the present work, data characterizing interstrand
CLs of oxaliplatin and its S,S enantiomer [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ ,
obtained by various biochemical methods currently used for
the analysis of DNA distortions induced by DNA-damaging
agents, are reported for the first time and some of these
characteristics are summarized in Table 2. The DACH
ligand is chiral and oxaliplatin exhibits higher activity
toward various cancer cell lines than the S,S enantiomer, so
oxaliplatin, and not its S,S enantiomer, has been approved
for clinical use.[44] Although the asymmetry in the amine
ligand in the DACH platinum complexes does not involve
the coordinated nitrogen atoms but rather the adjacent
carbon atoms, a dependence of the biological activity upon
the configuration of the amine is observed. Hence, it was
also of great interest to answer the question of whether the
character of the conformational distortions induced in DNA
by interstrand CLs of [Pt ACHTUNGTRENNUNG(dach)]2+ complexes is chirality de-
pendent and different from those of the parent cisplatin.
The CD spectra of duplexes containing single, site-specific


interstrand CLs of [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ or [Pt ACHTUNGTRENNUNG(S,S-dach)]2+


Figure 7. Gel mobility shift assay analysis of the titration of the duplex
TGCT (for sequence, see C) containing a single interstrand cross-link of
[Pt ACHTUNGTRENNUNG(R,R-dach)]2+ (oxaliplatin) or [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ with HMGB1a (A)
and HMGB1b proteins (B). For comparative purposes, gel mobility shift
assay analyses of the titration of the duplex TGGT (for sequence, see C)
containing a single 1,2-GG intrastrand cross-link of cisplatin with
HMGB1a and the duplex TGCT containing an interstrand cross-link of
cisplatin with HMGB1b are also shown in A and B, respectively. The
concentration of the duplexes was 10 nm. A) Lanes: NoPt: control, non-
modified TGCT duplex; cisPt: the TGGT duplex containing a 1,2-GG in-
trastrand cross-link of cisplatin; R,R, S,S : the TGCT duplex containing
an interstrand cross-link of [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ or [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ , respec-
tively; lanes 1, 5, 9, and 12: no protein added; lanes 2, 6, 10, and 13:
HMGB1a (9.6 nm) added; lanes 3, 7, 11, and 14: HMGB1a (19.2 nm)
added; lanes 4, 8, 12, and 15: HMGB1a (38.4 nm) added. B) Lanes: NoPt:
control, nonmodified TGCT duplex; cisPt, R,R, S,S : the TGCT duplex
containing an interstrand cross-link of cisplatin, [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ , or [Pt-
ACHTUNGTRENNUNG(S,S-dach)]2+ , respectively; lanes 1, 5, 9, and 12: no protein added;
lanes 2, 6, 10, and 13: HMGB1b (4.7 mm) added; lanes 3, 7, 11, and 14:
HMGB1b (9.4 mm) added; lanes 4, 8, 12, and 15: HMGB1b (18.8 mm)
added. C) Sequences and abbreviations of the synthetic oligodeoxyribo-
nucleotide duplexes used in the gel mobility shift assay. The boldface let-
ters indicate the platinated residues in the cross-linked duplexes.
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(Figure 4A) confirm that the CLs of these two platinum
complexes considerably alter the global geometry of the
parent duplex. It has been shown[29,31,45] that the cisplatin in-
terstrand CL, which is preferentially formed between oppo-
site guanines in the 5’-GC/5’-GC sequence,[13] induces sever-
al irregularities at the cross-linked base pairs in a base-se-
quence-independent manner.[28] We found that [Pt ACHTUNGTRENNUNG(dach)]2+


complexes also form interstrand CLs at the same sites (Fig-
ure 2A) and with the same frequency (Figure 1) as the
parent cisplatin, so similar conformational features, although
quantitatively different, may be also expected for the inter-
strand CLs of [Pt ACHTUNGTRENNUNG(dach)]2+ compounds. For instance, the de-
oxyriboguanosine residues that are interstrand cross-linked
by cisplatin are not paired with hydrogen bonds to the com-
plementary deoxyribocytidines, which are located outside
the duplex and not stacked with the other aromatic bases;
all other base residues are paired.[29,46] Consistent with this
characterization is the strong reactivity of chemical probes
with cytosine residues complementary to the platinated gua-
nine residues[27] (Figure 5 and Table 2). As the same strong
reactivity of chemical probes is also observed in the case of
the interstrand CLs of [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ or [Pt ACHTUNGTRENNUNG(S,S-dach)]2+


(Figure 5 and Table 2), it is reasonable to conclude that the
interstrand CLs of DACH compounds and cisplatin adopt a
similar overall conformation, although some features may
be different. Interestingly, chemical probing of the confor-
mational distortions induced in DNA by the interstrand CLs
indicates that the distortion induced by the CL of cisplatin
is considerably more localized to the platinated base pairs
than that induced by the CL of [Pt ACHTUNGTRENNUNG(dach)]2+ complexes. The
distortion induced by the interstrand CLs of [Pt ACHTUNGTRENNUNG(dach)]2+


complexes extends over few base pairs flanking the cross-
linked base pairs, with the CL of [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ being
more efficient in this respect (Figure 5 and Table 2). The
severe conformational alteration in the base pairs cross-
linked by [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ , [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ , or cisplatin re-
sults in helix unwinding relative to B-DNA by 96, 82, and
798, respectively (Table 2); this unwinding is very likely re-
sponsible for the marked reduction of the amplitude of the
negative CD band at around 240 nm (Figure 4A).
Another striking difference between the interstrand CLs


of [Pt ACHTUNGTRENNUNG(dach)]2+ complexes and cisplatin is in the ability of
the CLs of [Pt ACHTUNGTRENNUNG(dach)]2+ complexes to induce more pro-
nounced bending of the helix axis toward the minor groove
at the cross-linked site (Table 2). An important feature of
the structure of the interstrand CL of the parent cisplatin is
that the platinum residue protrudes into the minor groove
of the DNA duplex and the N7 atoms of the cross-linked
guanine residues (localized initially in the major groove of
B-DNA) move into the minor groove.[29,46] The present work
demonstrates that several conformational features of the in-
terstrand CLs of cisplatin and [Pt ACHTUNGTRENNUNG(dach)]2+ compounds, such
as bending and unwinding (Table 2), are relatively strong.
Hence, this radical distortion of DNA conformation is likely
to be associated with the presence of the platinum atom in
the minor groove in the interstrand CLs of [Pt ACHTUNGTRENNUNG(dach)]2+


compounds as well. This suggestion is corroborated by the


fact that a very high unwinding induced by [Pt ACHTUNGTRENNUNG(dach)]2+ in-
terstrand CLs cannot be rationalized by major-groove
models of this lesion.[29] Thus, it seems reasonable to suggest
that the bulky DACH group does not restrict the DNA
bending required for the formation of the interstrand CL as
proposed for bending due to the 1,2-GG intrastrand CL of
oxaliplatin.[11]


Formation of the interstrand CLs of [Pt ACHTUNGTRENNUNG(dach)]2+ com-
pounds and cisplatin results in overall thermal stabilization
of the duplex (Table 1) and this thermal stabilization is asso-
ciated mainly with the change in molecularity of the system.
On the other hand, we have demonstrated that another im-
portant factor affecting the overall thermal stability of the
host duplex is the structural perturbation imposed on the
duplex by the interstrand CL of the platinum compounds.
This conformational distortion thermally destabilizes the
host duplex, but this destabilization only partly compensates
for the thermal stabilization due to the change in molecular-
ity of the system. We also attempted to rationalize the ther-
mal destabilizing effect of the interstrand CL of [Pt ACHTUNGTRENNUNG(dach)]2+


compounds and cisplatin (Table 2) in terms of the CL-in-
duced structural perturbations in the host duplex. An impor-
tant feature of the structure of the interstrand CL of cispla-
tin and presumably also of [Pt ACHTUNGTRENNUNG(dach)]2+ compounds is that
cytosine residues complementary to the platinated guanines
are no longer hydrogen bonded and are extrahelical (see
above). It has been proposed that the hydration of the inter-
strand CL[45] and the bending induced by the interstrand ad-
ducts of cisplatin thermodynamically stabilize the duplex.[47]


Although the stabilization resulting from hydration cannot
be quantified because of the limited thermodynamic data-
base on DNA hydration, a very crude estimate has been ob-
tained in the case of helical bending. This crude estimation
demonstrated that the bending due to the formation of the
interstrand CL of cisplatin significantly contributes toward
stabilization of the global duplex structure,[47] so it seems
reasonable to assume that the contribution of the bending
induced by the interstrand CLs of [Pt ACHTUNGTRENNUNG(dach)]2+ compounds
is also significant. Another important conformational pa-
rameter of the distortion induced by the formation of the in-
terstrand CLs of [Pt ACHTUNGTRENNUNG(dach)]2+ compounds and cisplatin is
the unwinding of the double helix (Table 2). The energetics
of the destabilizing effect of DNA unwinding due to the in-
terstrand CL of cisplatin were also crudely estimated and it
was found that the destabilization of the duplex because of
its unwinding as a consequence of the formation of the in-
terstrand CL of cisplatin compensated only partially for the
stabilizing effect of the bending.[47] In general, a prediction
of the energetic consequences of conformational changes in-
duced by the interstrand CL of [Pt ACHTUNGTRENNUNG(dach)]2+ compounds and
cisplatin is difficult because of the limited current knowl-
edge on the thermodynamic consequences of distortions and
transitions on DNA duplexes. Nonetheless, the results of the
thermal melting experiments reported here reveal that ther-
mal destabilization of the host duplex inversely correlates
with the ability of the interstrand CLs of [Pt ACHTUNGTRENNUNG(dach)]2+ com-
pounds and cisplatin to bend the DNA axis (Table 2).
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Several proteins that specifically bind to DNA modified
by cisplatin, including those containing HMG domains, me-
diate the antitumor activity of this drug.[3,12] We have
found[30,32] that the full-length HMGB1 protein and its do-
main B with the lysine-rich region of the A/B linker at-
tached to the N terminus do bind to DNA that has been in-
terstrand cross-linked by cisplatin with an affinity similar to
that for the major 1,2-GG intrastrand CL of this drug. We
demonstrate in the present work that the interstrand CLs of
[Pt ACHTUNGTRENNUNG(R,R-dach)]2+ and [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ are not recognized by
the HMG domain proteins and that the affinity for these
proteins is markedly lower than that of the 1,2-GG intra-
strand CL and interstrand CL of cisplatin. Thus, the results
of this work can be interpreted to mean that the bulky carri-
er DACH ligand in [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ and [Pt ACHTUNGTRENNUNG(S,S-dach)]2+


complexes prevents HMG domain proteins from making the
contacts with the duplex that are required for recognition
and binding of these proteins to the interstrand CLs of [Pt-
ACHTUNGTRENNUNG(dach)]2+ compounds. Thus, HMG domain proteins discrimi-
nate between the interstrand CLs of cisplatin and oxalipla-
tin, which may be reflected by the differences in the biologi-
cal effects of these two chemotherapeutic agents.
In summary, this study has allowed us to resolve the ef-


fects of the platinum carrier ligand on the structure and
other properties of interstrand CLs of oxaliplatin; differen-
ces between interstrand CLs of oxaliplatin and cisplatin
appear to reflect the effect of the presence of the 1,2-diami-
nocyclohexane carrier ligand. The interstrand CLs represent
less common DNA adducts of mononuclear bifunctional
platinum antitumor drugs. Nonetheless, the differences be-
tween the properties of the adducts formed by oxaliplatin
and cisplatin and in their recognition by HMG domain pro-
teins are remarkably distinct. It is therefore justified to sug-
gest that these differences are at least partly responsible for
the differences in the tumor range, toxicity, and mutagenici-
ty of these two chemotherapeutic agents. This suggestion is
also reinforced by the fact that, in general, interstrand CLs
formed by various compounds of biological significance are
more inhibitory to DNA replication and transcription be-
cause of the damage sustained by both complementary
strands and the resultant severe blockages imposed on
DNA-dependent polymerases. In addition, interstrand CLs
are more difficult to repair, probably requiring both nucleo-
tide excision and recombinational repair, and thus lead to
greater cytotoxicity than that expected for monoadducts or
other intrastrand lesions (which can be repaired solely by
nucleotide excision).


Experimental Section


Chemicals : [Pt ACHTUNGTRENNUNG(R,R-dach) ACHTUNGTRENNUNG(H2O)2] ACHTUNGTRENNUNG(SO4) or [Pt ACHTUNGTRENNUNG(S,S-dach) ACHTUNGTRENNUNG(H2O)2] ACHTUNGTRENNUNG(SO4)
were prepared from the corresponding dichlorido species[48] by treatment
with Ag2SO4.


[49] Cisplatin was obtained from Sigma (Prague, Czech Re-
public). The stock solutions of the platinum complexes (5M10�4m in
NaClO4 (10 mm)) were stored in the dark at 4 8C. Plasmid pSP73KB
(2455 bp) was isolated according to standard procedures. Restriction en-
donuclease EcoRI and T7 polynucleotide kinase were purchased from


New England Biolabs. The Klenow fragment of DNA polymerase I was
from Boehringer-Mannheim Biochemica. The synthetic oligodeoxyribo-
nucleotides were purchased from VBC-genomics (Vienna, Austria) or
DNA Technology (Aarhus, Denmark). The purity of oligonucleotides was
verified by high-pressure liquid chromatography (HPLC) or gel electro-
phoresis. Expression and purification of the domains A and B (resi-
dues 1–84 and 85–180, respectively) of the HMGB1 protein (HMGB1a
and HMGB1b, respectively) were carried out as previously de-
scribed.[50,51] (Thus, in this work, the HMGB1b protein also contained the
A/B linker (residues 85–91) as in our previous work.[32]) T4 DNA ligase
and T4 polynucleotide kinase were purchased from New England Biolabs
(Beverly, MA). Acrylamide, bis(acrylamide), agarose, and NaCN were
from Merck KgaA (Darmstadt, Germany). Dimethyl sulfate (DMS),
KMnO4, DEPC, KBr, and KHSO5 were from Sigma (Prague, Czech Re-
public). [g-32P]-deoxyriboadenosine triphosphate ([g-32P]dATP) was from
MP Biomedicals, LLC (Irvine, CA).


Platination reactions : The duplex containing a single, site-specific inter-
strand CL of the platinum compounds was prepared in the following way.
The single-stranded oligonucleotides (the top strands of the duplexes
used in the present work) were treated with [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ , [Pt ACHTUNGTRENNUNG(S,S-
dach)]2+ , or cisplatin in the dark. The platinated oligonucleotide was re-
purified by HPLC. It was verified by flameless atomic absorption spec-
trophotometry (FAAS) and by measurement of the optical density that
the modified oligonucleotides contained one molecule of platinum com-
plex per strand. By using Maxam–Gilbert (DMS) footprinting of plati-
num on DNA,[13,52,53] we also verified that, in the platinated top strands,
the N7 atom of a single guanine residue was not accessible for reaction
with DMS. The platinated top strands were allowed to anneal with unpla-
tinated complementary strands (the bottom strand of the duplexes shown
in Figure 3 B) in NaClO4 (0.1m) and subsequently incubated at 37 8C for
24 h. The resulting products were further characterized as described in
the text.


DNA interstrand cross-linking : The 2455-bp double-stranded DNA
probe was prepared by digesting the pSP73KB plasmid with EcoRI,
which cuts only once within this plasmid. The resulting fragment was pu-
rified by using the Wizard SV and PCR Clean-Up system and radiola-
beled by treatment with the Klenow fragment of DNA polymerase I at
37 8C for 1 h in buffer containing NaCl (50 mm), Tris-HCl (10 mm,
pH 7.9), MgCl2 (10 mm), 1,4-dithiothreitol (DTT; 1 mm), and
[a-32P]dATP (10 mCi, 3000 Cimmol�1). Unincorporated [a-32P]dATP was
removed by a Sephadex G50 column and the DNA was extracted with
phenol/chloroform (1:1), precipitated by ethanol and dissolved in
NaClO4 (0.1m). The fragment (0.5 mg) was incubated with the platinum
complexes in NaClO4 (0.01m) at 37 8C in the dark for 24 h to attain a
value of rb=0.001. (It was verified, as in our previous papers,[33,54] that
under these conditions [Pt ACHTUNGTRENNUNG(R,R-dach)]2+ , [Pt ACHTUNGTRENNUNG(S,S-dach)]2+ , and cisplatin
bound to the DNA quantitatively.) The volume of these reactions was
20 mL. After the incubation, the samples were precipitated by ethanol
and the pellet was dissolved in a solution (18 mL) containing NaOH
(30 mm), EDTA (1 mm), sucrose (6.6%), and bromophenol blue
(0.04%). The amount of interstrand CLs was analyzed by electrophoresis
under denaturing conditions on alkaline agarose gel (1.5%). After the
electrophoresis was completed, the radioactivity associated with the indi-
vidual bands in each lane was measured to obtain estimates of the frac-
tion of non-cross-linked or cross-linked DNA under each condition. The
frequency of interstrand CLs (%ICL/Pt) was calculated from the fraction
of non-cross-linked DNA in combination with the level of platination
and the fragment size as %ICL/Pt=XL/4910M rb, in which XL is the
number of interstrand CLs per molecule of the DNA duplex, which was
calculated by assuming a Poisson distribution of the interstrand CLs as
XL=�lnA, in which A is the fraction of molecules running as a band
corresponding to the non-cross-linked DNA.


Hydroxyl radical footprinting of interstrand cross-links : Platinated (or
unplatinated) oligodeoxyribonucleotide duplexes (at a concentration of
6 nm) that had either the top or bottom strand 32P-labeled at the 5’ end
were dissolved in a medium of NaCl (50 mm) and Tris-HCl (10 mm,
pH 7.5). The cleavage of the phosphodiesteric bonds was performed by
incubating the duplexes in [Fe ACHTUNGTRENNUNG(NH4)2 ACHTUNGTRENNUNG(SO4)2] (0.04 mm), EDTA
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(0.08 mm), H2O2 (0.03%), and sodium ascorbate (2 mm) for 5 min at
20 8C. The reaction was stopped by adding thiourea (15 mm), EDTA
(3 mm), sodium acetate (0.3m), and tRNA (0.3 mgmL�1). After precipita-
tion, the samples were loaded onto a 24% denaturing PAA/8m urea gel.
Maxam–Gilbert sequencing reactions were run in parallel.


UV absorption spectrophotometry : UV absorbance measurements were
conducted on a Varian Cary 4000 UV/Vis spectrophotometer equipped
with a thermoelectrically controlled cell holder and quartz cells with a
pathlength of 1 cm. Absorbance versus temperature profiles were mea-
sured at 260 nm. The temperature was raised with a linear heating rate of
0.6 8Cmin�1. For each optically detected transition, the Tm value was de-
termined as previously described.[55] The final absorbance versus temper-
ature profile of each duplex was determined as an average of three inde-
pendent measurements. The DNA solutions contained Tris-HCl (10 mm,
pH 7.2), NaCl (0.1m), and EDTA (0.1 mm).


Circular dichroism (CD) spectrophotometry : CD spectra were recorded
by using a Jasco J-720 spectropolarimeter equipped with a thermoelectri-
cally controlled cell holder. The cell pathlength was 1 cm. Isothermal CD
spectra were recorded in the range 220–320 nm in 1 nm increments with
an averaging time of 5 s. The DNA concentration was 2 mm for the
duplex and the buffer comprised Tris-HCl (10 mm, pH 7.2), NaCl (0.1m),
and EDTA (0.1 mm). The precise sample concentrations were determined
from their absorption at 260 nm measured at 90 8C in the same buffer by
using molar extinction coefficients calculated according to Gray et al.[56]


CD was expressed as the difference in the molar absorption of the right-
handed and left-handed circularly polarized light, De, in units of m


�1 cm�1,
with the molarity being related to the duplex.


Chemical probing of the DNA conformation : The modification of the
platinated oligonucleotide duplexes by KMnO4, DEPC, and KBr/KHSO5


was performed as described previously.[21–24] The top or bottom strands of
the oligonucleotide duplexes were 5’-end labeled with [g-32P]ATP and T4
polynucleotide kinase. In the case of the platinated oligonucleotides, plat-
inum was removed after reaction of the DNA with the probe by incuba-
tion with NaCN (0.2m, pH 11) at 45 8C for 16 h in the dark.


Ligation and electrophoresis of oligonucleotides : Unplatinated or inter-
strand-cross-linked 21–25-bp duplexes (shown in Figure 3B as TGCT ACHTUNGTRENNUNG(21–
25)) were 5’-end labeled with [g-32P]dATP by using T4 polynucleotide
kinase. The duplexes were allowed to react with T4 DNA ligase. The re-
sulting samples were subsequently examined on 8% native PAA (mono/
bis(acrylamide) ratio of 29:1) electrophoresis gels. Other details of these
experiments were as described in previous papers[28,57–59] or as described
in the text.


Electrophoretic mobility shift assays with HMGB1 domain proteins : Ra-
dioactively labeled 22-bp DNA probes with blunt ends (their sequence is
shown in Figure 7C) were titrated with HMGB1a or HMGB1b proteins.
The duplexes (10 nm) were titrated with the proteins in 10-mL sample vol-
umes in buffer composed of 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethane-
sulfonic acid (HEPES; 10 mm, pH 7.5), MgCl2 (10 mm), LiCl (50 mm),
NaCl (0.1m), spermidine (1 mm), bovine serum albumin (0.2 mgmL�1),
and Nonidet P40 (0.05% v/v). For all gel mobility shift experiments, sam-
ples were incubated on ice for 1 h and made 7% in sucrose and 0.017%
in xylene cyanol before loading on running, precooled (4 8C), prerun
(300 V, 1–2 h) 5% native PAA gels (29:1 acrylamide/bisacrylamide, 0.5M
Tris/borate/EDTA buffer comprising Tris-HCl (45 mm), boric acid
(45 mm), and EDTA (1 mm, pH 8.3)). Gels were electrophoresed at 4 8C
and 300 V for approximately 1.5 h, dried, exposed to a molecular imaging
plate, and analyzed on a Fujifilm bioimaging analyzer. The radioactivities
associated with bands were quantitated with AIDA image analyzer soft-
ware (Raytest, Germany). Other details have been published previous-
ly.[32,43, 60]


Other physical methods : FAAS measurements were carried out with a
Varian AA240Z Zeeman atomic absorption spectrometer equipped with
a GTA 120 graphite tube atomizer. For FAAS analysis, DNA was precipi-
tated with ethanol and dissolved in HCl (0.1m). The gels were visualized
by using the BAS 2500 Fujufilm bioimaging analyzer and the radioactivi-
ties associated with bands were quantitated with AIDA image analyzer
software.
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