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Abstract: Palladium(II) catalysis allows various aerobic
oxidation reactions, but the mechanism of the regenera-
tion of the active catalytic species remains, in many cases,
undetermined. In recent years, considerable effort has
been directed toward the comprehension of the reaction
of dioxygen with hydridopalladium(II) and palladium(0)
complexes. This Focus Review highlights the results of


these experimental and theoretical studies that can con-
tribute to the exploitation of the powerful nature of PdII


catalysis.


Keywords: homogeneous catalysis · oxidation · oxygen ·
palladium · regeneration


1. Introduction


A number of PdII-mediated reactions require the addition of
oxidants to be catalytic. For this purpose, oxidants such as
copper salts and benzoquinone are often employed in stoi-
chiometric quantities and even in excess. In some cases, sub-
stoichiometric amounts of redox mediators are used in con-
junction with oxygen as, for an example, in the Wacker pro-
cess, for which CuCl2 is the oxidant of palladium and
oxygen the oxidant of copper (Scheme 1);[1] such conditions
reduce the cost of the processes. Nevertheless, the use of
mediators complicates product isolation, increases reaction
waste, and limits large-scale applications.
Interestingly, various PdII-catalyzed reactions occur effi-


ciently with only molecular oxygen to regenerate active PdII


species.[2] For some of them, such as the homocoupling of ar-
ylboronic acids in the presence of dioxygen,[3] it has been es-
tablished that the reaction causes the reduction of the cata-
lyst, the regeneration of which occurs via the peroxopalladi-


um complex [(h2-O2)Pd
IIL2] (L=h2 ligand). In contrast, the


mechanism is much less obvious for oxidations that involve
the loss of two hydrogen atoms, such as the oxidation of al-
cohols,[2,4] the dehydrogenation of ketones,[5] oxidative
hetero ACHTUNGTRENNUNGcyclization,[6] and intermolecular oxidative C�H cou-
pling reactions.[2a,b,7] Indeed, the [X2Pd


IIL2]-catalyzed aerobic
oxidation of SubH2 to Subox has been explained by the
mechanisms depicted in Schemes 2 and 3 (X=h1 ligand,
mainly Cl and OAc, SubH2= substrate, Subox=oxidized sub-
strate). Both proposals involve [HPdIIXLn] as an intermedi-
ate (steps a and b) and lead to the regeneration of the active
catalytic species with concomitant production of H2O2.


According to Scheme 2, oxygen inserts into the H�Pd
bond to afford [HOOPdIIXLn] (step c),


[5,6a–c,8] and the formal
+2 oxidation state of palladium is preserved all along the
reaction pathway. The hydroperoxy complex leads to H2O2


and either [LnPd
IIX2] (step d1) or [LnPd


IIX ACHTUNGTRENNUNG(SubH)] (step d2)
by reacting with HX[5] or SubH2,


[6b, c,8b–e] respectively. The au-
thors who proposed this mechanism for the oxidative cycli-
zation of 2-allylphenols[6b, c] and the oxidation of alcohols[8b–e]


suggested that step d2 rather than d1 occurs.
[6b,c,8b–e] Step d2 is


actually more suitable than d1 for alcohol oxidations carried
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Scheme 1. Oxidation of ethylene by the Wacker process.


Scheme 2. Pd-catalyzed aerobic oxidation of SubH2 involving oxygen
ACHTUNGTRENNUNGinsertion into the H�Pd bond.
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out in the presence of a base.[8] In contrast, for the Pd-
ACHTUNGTRENNUNG(OCOCF3)2-catalyzed aerobic dehydrogenation of ketones
explained with Scheme 2, the increase in the turnover with
the addition of catalytic amounts of trifluoroacetic acid[5] in-
dicates the possible participation of step d1.
The other proposal (Scheme 3) is the reduction of


[HPdIIXLn] to [Pd0Ln] (step e)
[6k,7,9] and the formation of a


peroxopalladacycle (step f)[6k,9b] from which the regeneration
of the starting catalyst could occur via [HOOPdIIXLn] by
protonolysis with HX (steps g1 and d1).


[6k] In fact, most of
the published mechanistic schemes that suggest the forma-
tion of [Pd0Ln] intermediates do not mention the formation
of [HOOPdIIXLn] from [O2Pd


IILn], that is, path g2 occurs in
place of steps g1+d1.


[9b,10,11] Moreover, simplified catalytic
cycles that lead directly to [X2Pd


IIL2] from [Pd0Ln] (step g3)
have been published.[7,9a,c,d,e] Consequently, step d2 of
Scheme 3 is usually not suggested. Scheme 3 with steps g1
and d1 has been proposed for the PdII-catalyzed aerobic in-
tramolecular oxidative amination of olefinic substrates;[6k]


the low efficiency of this process in the absence of carboxyl-


ic acids agrees with the critical role of HX in this catalytic
cycle. Besides, the formation of water-soluble cationic binu-
clear complexes from [O2Pd


IILn] (Ln=phenanthroline deriv-
atives) has been assumed for oxidations in aqueous solvents
(Scheme 4).[12]


Over the last few years, the reaction of oxygen with PdII


hydrides and Pd0 species has led to experimental and theo-
retical studies that can contribute to the exploitation of the
powerful nature of PdII catalysis. Therefore, this literature
makes for interesting discussion.


2. Peroxopalladacycles from Pd0 Complexes—
Synthesis and Reactivity


The formation of peroxopalladacycles from the oxygenation
of Pd0 complexes[13] has been established since 1966 mainly
from phosphine-coordinated complexes, but their reactivity
towards acids was, until recently, not studied except by
Muto and Kamiya.[14] These authors demonstrated the for-
mation of H2O2 and [(RCO2)2Pd


II
ACHTUNGTRENNUNG(PPh3)2] from the addition


of RCO2H (R=Me, ClCH2) to [O2Pd
II
ACHTUNGTRENNUNG(PPh3)2].


[13b, c] The
study of this reaction, with the successive addition of
ClCH2CO2H and Ph3CBr to the peroxo complex and its
monitoring by IR spectroscopy with ClCH2CO2H and
AcOD as reagents, led them to suggest a stepwise mecha-
nism (Scheme 5).[14]


Recent research has been focused on Pd complexes that
bear heterocyclic ligands. In 2001, Stahl et al. used a Pd0


complex with a bidentate nitrogen ligand, [Pd0(bc) ACHTUNGTRENNUNG(dba)]
(bc=bathocuproine, dba=dibenzylideneacetone), to obtain
the peroxopalladiumII complex [O2Pd


II(bc)] (Scheme 6).[15]


Addition of AcOH to [O2Pd
II(bc)] led to H2O2 (73% yield)


and [PdII ACHTUNGTRENNUNG(OAc)2(bc)] (quantitative). The oxygenation of
[Pd0(bc) ACHTUNGTRENNUNG(dba)] is irreversible,[15] but electron-deficient al-
kenes displace dioxygen from [O2Pd


II(bc)] reversibly to
form the corresponding alkene complexes (Scheme 6).[16,17]


It is of interest to point out the role of the ligands on the re-
versibility and stability of the peroxopalladium complexes.
Indeed, [O2Pd


II
ACHTUNGTRENNUNG{PPh ACHTUNGTRENNUNG(tBu)2}2] binds dioxygen reversibly;[13f, g]


[O2Pd
II
ACHTUNGTRENNUNG(PPh3)2] in benzene decomposes slowly at 20 8C to


the free metal and OPPh3;
[13b] [O2Pd


II
ACHTUNGTRENNUNG(tBuNC)2] in the crys-


talline state is fairly stable at ambient temperature, whereas
the decomposition of its solution in CHCl3 occurs rapidly at
0 8C.[13d]


Stahl et al. also reported the synthesis, even without sol-
vent, of the N-heterocyclic carbene (NHC)-coordinated per-
oxopalladium complex [O2Pd


II
ACHTUNGTRENNUNG(IMes)2] (Imes=1,3-di(2,4,6-


trimethylphenyl)imidazoline-2-ylidene) from [Pd0ACHTUNGTRENNUNG(IMes)2]
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Scheme 3. Pd-catalyzed aerobic oxidation of SubH2 involving the
ACHTUNGTRENNUNGreduction of PdII.


Scheme 4. Formation of a cationic palladium dimer from a
ACHTUNGTRENNUNGperoxopalladacycle.
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and its fast transformation into the PdII hydroperoxide
[HOOPdII ACHTUNGTRENNUNG(OAc) ACHTUNGTRENNUNG(IMes)2] by protonolysis with acetic acid
(Scheme 7).[18] Further reaction of [HOOPdII ACHTUNGTRENNUNG(OAc) ACHTUNGTRENNUNG(IMes)2]


with AcOH occurred at a slow
rate to afford hydrogen perox-
ide and [PdII ACHTUNGTRENNUNG(OAc)2ACHTUNGTRENNUNG(IMes)2].
The nature of the ligand plays a
role in the isolation of
[HOOPdXL2] from [O2PdL2],
as the addition of less than
2 equivalents of AcOH to
[O2Pd


II(bc)] led only to uncon-
verted starting complex, H2O2,
and [PdII ACHTUNGTRENNUNG(OAc)2(bc)].


[18] Hydro-
peroxopalladium complexes
were isolated[19] before this
report by Stahl et al., and the
formation of [HOOPdII-
ACHTUNGTRENNUNG(OCOCF3) ACHTUNGTRENNUNG(PPh3)2] from the
treatment of [O2Pd


0
ACHTUNGTRENNUNG(PPh3)2]


with CF3CO2H was suspected
by Igersheim and Mimoun,[20]


but the transformation PdO2!
ACHTUNGTRENNUNG[XPdOOH] was demonstrated
for the first time by Stahl. At
this level, we have to remember
that most of the published
mechanistic schemes depicting
the regeneration of PdX2 from
PdO2


[9b,10,11,21] do not include
[XPdOOH] as an intermediate
(path g2 in Scheme 3).
Another peroxopalladium


complex with an NHC ligand,
[O2Pd


II
ACHTUNGTRENNUNG(Itmt)2], was prepared


by Kawashima and co-workers
from [Pd0 ACHTUNGTRENNUNG(Itmt)2] and dioxygen (Itmt=1,3-bis(2,2’’,6,6’’-tet-
ramethyl-m-terphenyl-5’-yl)-imidazol-2-ylidene).[22] This re-
action was immediate and quantitative when C6D6 was used
as solvent; however, [O2Pd


II
ACHTUNGTRENNUNG(Itmt)2] is very sensitive to CO2


from air, thus producing the corresponding peroxocarbonate
(Scheme 8). As with [Pd0 ACHTUNGTRENNUNG(IMes)2],


[18] the oxidation of [Pd0-
ACHTUNGTRENNUNG(Itmt)2] also occurred in the solid state; this contrasts with
the phosphine complexes [Pd ACHTUNGTRENNUNG(PCy3)2], [Pd ACHTUNGTRENNUNG(PtBu3)2], and the
NHC-coordinated complex [Pd ACHTUNGTRENNUNG(Ipr)2] (Cy=cyclohexyl,
Ipr=1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene),
which did not react with O2 under such conditions.


[22]


Scheme 5. Reaction of [(h2-O2)Pd ACHTUNGTRENNUNG(PPh3)2] in acidic medium.


Scheme 6. Synthesis and reactions of an [(h2-O2)Pd ACHTUNGTRENNUNG(N
_
N)] complex.


Scheme 7. Synthesis and protonolysis of an [(h2-O2)Pd ACHTUNGTRENNUNG(NHC)] complex.
Scheme 8. Synthesis of an [(h2-O2)Pd ACHTUNGTRENNUNG(NHC)] complex and its reaction
with CO2.
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With [Pd0ACHTUNGTRENNUNG(N
_
N)] complexes as model substrates, Stahl


et al. used spin-unrestricted density functional theory to in-
vestigate the spin-forbidden reaction between [Pd0L2] and
molecular oxygen.[23] According to the authors, initial deloc-
alization of spin density from 3O2 onto the Pd center de-
creases the exchange interaction between the unpaired spins
and facilitates cross-over from the triplet to the singlet sur-
face; the formation of the [(h2-O2)Pd


II] complex occurs via
the [(h1-O2)Pd


I] diradical (Scheme 9).


3. Hydroperoxopalladium Complexes from
Hydridopalladium Complexes—Computational


Studies and Synthesis


Although the insertion of dioxygen into an H�Pd bond had
been suspected since at least 1973[24] and often proposed as
a reactive intermediate,[5,6a–c,8,25] its first observation, by
Kemp, Goldberg, and co-work-
ers,[26] was only disclosed in
2005 after theoretical studies
reported simultaneously and in-
dependently by Goddard and
co-workers[27] and Privalov
et al.[28] in 2004.
Goddard and co-workers car-


ried out a computational study
of the insertion of dioxygen
into the toluene-solvated Pd�H
bond of [HPdIICl((�)-spar-
teine)] and the model com-
pound [HPdIICl(bipyridine)].[27]


In fact, the PdX2/(�)-sparteine
system was independently dis-
closed by Ferreira and Stoltz[29]


and Sigman and co-workers[30]


for the efficient catalyzed oxi-
dative kinetic resolution of sec-
ondary alcohols with oxygen,
whereas Uemura and co-work-
ers showed experimentally that
[Pd ACHTUNGTRENNUNG(OAc)2(bipyridine)] is not a
competent catalyst for the aero-
bic oxidation of alcohols.[8a] The
main results of the quantum
mechanics for [HPdIICl((�)-
sparteine)] and [HPdIICl-(bipyr-
idine)] are illustrated in


Scheme 10. According to Goddard and co-workers, 1) the
reaction of molecular oxygen with PdII hydride starts by a
weak bonding between oxygen and hydrogen (step b), and
2) the formation of the [ClPdIIOOH] complex requires assis-
tance by Cl through hydrogen bonding between H and Cl
(step d). [ClPdH�O2] obtained in step b would lead to
[CPdIIOOH] via 1) a transition state with elongated Pd�H,
H�O, and O=O bonds (step c), and 2) the abstraction of the
hydrogen atom by O2, leading to a hydrogen bond with Cl


to afford an intermediate with
stretched Pd�Cl and Pd�OOH
bonds, the latter in particular
(step d); this intermediate
would be the result of an asso-
ciation between a PdI radical
and the peroxy radical HO2·.
The catalytic cycle is completed
with protonation of
[HOOPdIICl ACHTUNGTRENNUNG(N


_
N)] by base-HCl


(step f). From a complementary
theoretical study with [HPdIIMe(bipyridine)] as a model,
Goddard and co-workers assumed that, in the absence of a
H-bond acceptor cis to the hydride and/or electron-with-
drawing ligands that can stabilize PdI, the reaction, in a non-
polar environment, will not proceed through the palladium
hydride insertion of O2.


Scheme 9. Theoretical intermediate leading to a peroxo complex from [Pd ACHTUNGTRENNUNG(N
_
N)].


Scheme 10. Theoretical analysis of the reaction of O2 with [HPdIICl ACHTUNGTRENNUNG(N
_
N)]. Bond lengths (elongated bonds in


italics) were calculated with (�)-sparteine as the ligand.
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Privalov et al. applied density functional theory to the
mechanistic study of the interaction of O2 with the Pd hy-
dride [HPdII ACHTUNGTRENNUNG(C


_
N)(py)] (py=pyridine, C


_
N=2-(pyridin-2-yl)-


phenyl),[28] which is suspected to be an intermediate in the
aerobic alcohol oxidations mediated by the [{PdII ACHTUNGTRENNUNG(OAc)-
ACHTUNGTRENNUNG(C
_
N)}2]/pyridine system used by Moberg and co-workers


and pyridine.[31] Scheme 11 illustrates these computational


studies. The insertion of dioxy-
gen into the Pd�H bond is pre-
ceded by the formation of an
[HPdII ACHTUNGTRENNUNG(h1-O2)] complex for
which an interaction between
the hydrogen and terminal
oxygen atoms was identified.
The release of H2O2 from the
hydroperoxypalladium complex
is promoted by AcOH, but the
addition of AcOH to the cata-
lytic system inhibits the rate of oxidation of alcohols by ef-
fective back-protonation of the alkoxide.[28] This observation
on the effect of AcOH on the formation of H2O2 is in agree-
ment with the study of Muto and Kamiya[14] (Scheme 5),
whereas the insertion of O2 into the Pd�H bond without a
H-bond acceptor cis to the hydride contrasts with the above
analysis of Goddard and co-workers.[27]


As exemplified in Schemes 10 and 11, the above theoreti-
cal studies[27,28] do not propose the same intermediates but,
nevertheless, indicate that the insertion of dioxygen into a
PdII hydride is, at least for a select subset of Pd com-
plexes,[27] a possible reaction pathway. Less than one year
later, this theoretical conclusion agreed with the experimen-
tal studies of Kemp, Goldberg, and co-workers,[26] who re-


ported that the oxygenation of an isolable hydridopalladium
pincer complex, previously disclosed by Moulton and
Shaw,[32] provided the corresponding hydroperoxo and hy-
droxy complexes (Scheme 12). The main product was the
hydroperoxo adduct; it evolved toward the hydroxy complex
with time, especially upon exposure to light. According to
Kemp and Goldberg, the decrease in the rate of oxygena-


tion of the deuteropalladium
analogue implicates the in-
volvement of Pd�H(D) cleav-
age in the rate-determining
step.
With a Pd�C bond, the


above hydridopalladium com-
plex is a suitable model of the
catalyst of Moberg and co-
workers but not of the diace-
toxy- and dichloropalladium
catalysts. This gap was very re-
cently closed by Stahl and co-
workers with [Pd0 ACHTUNGTRENNUNG(IMes)2] as
the substrate.[33] Addition of
one equivalent of RCO2H to
[Pd0ACHTUNGTRENNUNG(IMes)2] afforded [HPdII-
ACHTUNGTRENNUNG(OCOR)ACHTUNGTRENNUNG(IMes)2] quantitatively.
Upon exposure to dioxygen,
the hydrido complex led cleanly
to [HOOPdIIACHTUNGTRENNUNG(OCOR) ACHTUNGTRENNUNG(IMes)2]
(Scheme 13). The authors envis-
aged that the formation of this


hydroperoxopalladium complex could occur by a retroreac-
tion of [HPdII ACHTUNGTRENNUNG(OCOR) ACHTUNGTRENNUNG(IMes)2], leading to RCO2H and
[Pd0ACHTUNGTRENNUNG(IMes)2] followed by oxidation (Scheme 7). However,
the discovery that exogeneous benzoic acid catalyzed the
oxygenation of [HPdII ACHTUNGTRENNUNG(OCOPh) ACHTUNGTRENNUNG(IMes)2]


[33] is rather in
agreement with the insertion of oxygen into the H�Pd bond,
as the addition of acid should inhibit the retroreaction.


4. Conclusion


The experimental and theoretical investigations highlighted
here contribute to a better understanding of the PdII-cata-
lyzed oxidative intra- and intermolecular reactions that use


Scheme 11. Theoretical analysis of the regeneration of [AcOPdII ACHTUNGTRENNUNG(C
_
N)(py)] with O2.


Scheme 12. Insertion of O2 into the H�Pd bond of a pincer complex.
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dioxygen to regenerate active palladium species.[34] Even
though the above reactions of NHC-coordinated Pd0 and
PdII complexes were analyzed with complexes not really
used as catalysts, these studies have important applications
in the mechanism of aerobic alcohol oxidation with other
Pd�NHC catalysts reported by Sigman and co-workers.[2d,10]


It is, nevertheless, necessary to point out that even if
peroxoACHTUNGTRENNUNGpalladacycles and hydroperoxopalladium complexes
that bear the ligands used for the catalytic processes were
isolated, they could be different from the real key inter-
mediates involved in high-turnover catalytic reactions. A
common mechanistic scheme that explains all PdII-catalyzed
reactions for which the active PdII species are regenerated
aerobically seems to be unrealistic as it appears that the
pathway leading to the regeneration depends highly on the
nature of the ligands. Furthermore, some reactions are car-
ried out in the presence of a base that is able to capture the
acid generated in step a of Schemes 2 and 3; this could also
have an influence on the behavior of the H�Pd intermedi-
ates. In fact, the factors that lead to one of the two transfor-
mations, [HPdIIXLn]+O2![HOOPdIIXLn] or [HPd


IIXLn]!
ACHTUNGTRENNUNG[Pd0Ln]+HX, over the other remain to be determined.


Addendum (September 9, 2006)


Recently, the use of [(Ipr)PdACHTUNGTRENNUNG(OAc)2ACHTUNGTRENNUNG(H2O)] as the catalyst
led Nielsen and Goddard III to question the traditional b-
hydride elimination leading to [HPdOAc] and R2CO from
[R2CHOPdOAc].


[35] According to correlations between ex-
perimental and calculated data, the b-hydrogen atom is
rather directly transferred to the free oxygen atom of the
acetate group.
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Introduction


Dendrimers with redox-active moieties[1] such as ferro-
cenes[2] have gained much interest as single-molecule elec-
tron pools (molecular batteries),[3] hosts for anion recogni-
tion,[4] and electrochemical biosensors.[5] One particularly in-
teresting application is the introduction of a photoactive
group into such multiple redox-active molecules. Indeed,
there are reports of dendrimers that have a photoactive
(e.g., porphyrin) group at the core and multiple redox-active
groups attached to the dendritic framework.
These types of molecules can be classified into two cate-


gories based on the positions at which the redox-active moi-
eties are attached. In the first, the redox-active groups are
attached at the periphery of the dendrimer (Figure 1, left).[6]


Although this design is simple, its weakness is that the pe-
ripheral groups become farther from the core group as the
generation becomes higher. When photoinduced electron
transfer takes place in the high-generation compounds, the
electron must travel large distances across the dendrimer
framework.
In the second category, the redox-active moieties are at-


tached at the internal positions of the dendrimer (Figure 1,
right). Redox-active dendrimers of this type of “layered”


structure (not necessarily containing photoactive groups at
the core) have been reported with ferrocenes,[7] tetrathiaful-
valenes,[8] pyridiniums,[9] carbazoles,[10] arylamines,[11] and
RuII complexes[12] as the redox-active moieties. The phenyl-
ACHTUNGTRENNUNGazomethine dendrimers of Yamamoto and co-workers are of
a particularly elegant design: they sequentially bind metal
ions layer by layer.[13] In these layered structures, some of
the redox-active moieties are always close to the photoac-
tive moiety at the core, and the redox-active moieties are al-
lowed to accumulate as the generation number increases.
Similar layered dendrimers are also utilized for vectorial ex-
citation transfer to the core chromophore.[14]
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Figure 1. Schematic representation of the dendrimers with one photoac-
tive group at the core and multiple redox-active groups at the periphery
(left) and at the inside positions (right).


Abstract: Molecules with one photoac-
tive group (porphyrin) and multiple
redox-active groups (ferrocenes) are
described. The molecules are based on
dendritic frameworks, with the ferro-
cenyl groups attached at the “internal”
positions and the porphyrin attached at
the focal point, leading to a character-
istic layer architecture. Molecules of up


to the third generation were synthe-
sized and examined. The results of
1H NMR spectroscopy and fluores-
cence quenching indicated that the fer-


rocenyl groups at the second layer ap-
proach the core porphyrin most closely,
which is consistent with the results of
molecular-dynamics simulations. The
electrochemistry of the molecules was
also examined in detail, and a new for-
mula is proposed for the analysis of
multiple-electron transfer in these
“redox-pool” molecules.


Keywords: dendrimers · molecular
dynamics · nanostructures · porphy-
rin · redox chemistry
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Most of the “layer”-type dendrimers described above
have one common structural architecture: the redox-active
groups are introduced as the part of the dendritic frame-
work. This design has its own merit (like rigid, controllable
overall structures), but its problem is that we cannot easily
change the redox-active groups without changing the overall
structure. On the other hand, it is common in the “peripher-
al”-type redox-active dendrimers that the redox-active
groups are introduced at the last stage by use of the reactive
functional groups (such as NH2, CO2H, etc.) at the end of
the dendritic framework. This allows us to change the
redox-active groups while keeping the dendritic framework
the same.
Previously, we reported the synthesis of dendrons that


contain carboxylic esters at the internal positions.[15] Such
dendrons are useful for preparing the “layer”-type dendrim-
ers with various redox groups at the internal positions.
Herein, we report such dendrimers with internal ferrocenyl
groups and a porphyrin at the core (Figure 2). We prepared
dendrimers up to the third generation, with fourteen ferro-
cenyl groups. The three nonequivalent types of ferrocenyl
groups were distinguished by 1H NMR spectroscopy. The ef-
fects of these ferrocenyl groups on the fluorescence of the
core porphyrin were accumulative. We also performed a mo-
lecular-dynamics simulation of these molecules with explicit
solvent, which revealed the characteristic “soft and layered”
distribution of the internal ferrocenyl groups.


Results and Discussion


Synthesis


Schemes 1–3 show the synthetic scheme of the target com-
pounds Gn(Fc)m-ZnPn (where n and m denote the genera-
tion and the number of ferrocenyl groups, respectively).
One of the improvements over our previous synthetic
route[15] is the successful preparation of 4. Compared with
the previous procedure, which included alternate reactions
of 5-methoxycarbonyl-3-hydroxybenzyl alcohol and 3,5-dihy-
droxybenzyl alcohol, the number of steps for building a den-
dritic framework of any given generation are reduced to
half. Compound 4 is a stable white solid that can be stored
at room temperature for months without decomposition.
The starting material 1 is also an easy-to-handle crystalline
compound (although it should be stored dry and cold be-


Abstract in Japanese:


Figure 2. The target molecules in this study. G=generation, Pn=porphy-
rin, Fc is defined in Scheme 3.
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cause the methoxymethyl ether function causes slow decom-
position at room temperature) and can readily be prepared
on a multigram scale. Thus, the preparation of a whole
series of these dendrimers is easy once these key compounds
are at hand.
Another improvement is the use of methanesulfonyl bro-


mide[16] for conversion of benzylic alcohols to bromides. In
the synthesis of dendrimers with aryl benzyl ether linkages,
the most popular methods are bromination with CBr4/PPh3
followed by Williamson ether synthesis,[17] and the direct re-
action of benzylic alcohol with phenols by the Mitsunobu re-


action.[18] Both methods often suffer from difficulty in re-
moval of stoichiometric amounts of the by-products (POPh3
and CHBr3 in the former and hydrazocarboxylic ester in the
latter case). Methanesulfonyl bromide has only rarely been
used for the preparation of bromides from alcohols,[19] but
its advantage is that the procedures are simple and the reac-
tion is atom-economical.


Characterization


Figure 3 shows parts of the 1H NMR spectra of Gn(Fc)m-
ZnPn that include the signals of the ferrocenyl groups. The
three signals of these groups, Ha, Hb, and Hc, were observed,
and the compounds G2(Fc)6-ZnPn and G3(Fc)14-ZnPn gave
clearly resolved signals corresponding to each layer of the
dendritic framework. Notably, the signals of the ferrocenyl
groups at the second layer appear most upfield, followed by
those at the third and the first layers. A reversal of this
order is probably caused by the structures of these mole-
cules in solution (see below).


Electrochemistry


Figure 4 shows the differential pulse voltammograms of
Gn(Fc)m-ZnPn in CH2Cl2 with Bu4NClO4 (0.1 moldm


�3) as
a supporting electrolyte. All compounds showed three oxi-
dation peaks at 0.2, 0.5, and 0.7 V (vs. [FeCp2]/ACHTUNGTRENNUNG[FeCp2]


+ ;
Cp=cyclopentadienyl). The peaks at the lowest potential
(peak I) grew as the number of ferrocenyl groups was in-
creased, which suggests that this peak corresponds to the ox-
idation of the ferrocenyl groups. The two peaks at higher
potentials (peaks II and III) correspond to the oxidation of


Scheme 1. Synthesis of the dendron precursors.


Scheme 2. Synthesis of the dendrons and the porphyrin derivative for the core.
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the porphyrin ring at the core. This is confirmed by compari-
son of the voltammograms with that of the reference com-
pound Bn-ZnPn (Figure 4).
At first glance, the relative heights of peaks I and II seem


to correspond to the number of ferrocenyl groups in the
molecule. However, the interpretation was not so straight-
forward because of the strong dependence of the relative
peak heights on the pulse widths (Dt) of the differential
pulse voltammetry (DPV) measurements. Figure 5 shows
the voltammograms of G1(Fc)2-ZnPn with a series of differ-
ent pulse widths, and Figure 6a shows a plot of the peak
heights versus (Dt)�


1=2. The pulse widths define the electro-
chemical timescale of the DPV measurements, and the theo-
ries of electrochemistry predicts that, in ideally reversible
(i.e., electron transfer is much faster than mass transfer) sys-
tems, the peak current (Imax) in DPV is proportional to
(Dt)�


1=2.[20] As shown in Figure 6a, the plot of Imax versus
(Dt)�


1=2 is linear for peak II, but that for peak I is noticeably
bent. Figure 6b and c show similar plots for G2(Fc)2-ZnPn
and G3(Fc)14-ZnPn, respectively, and the plots for peak II
become more bent as the number of ferrocenyl groups is in-
creased.
To account for the bent plots for peak I, we carried out


numeric simulations of the voltammograms. The following
model is assumed: the N+1 oxidation states of the molecule
(N=number of ferrocenyl groups) coexist in solution, and
the elementary electrode process includes transfer of only


one electron to change the oxidation state by one. The
mathematical treatment of this system is given in the Sup-
porting Information. We obtained the best-fit plots for
peaks I and II by optimizing D (the diffusion constant of the
molecule; assumed to be equal for all oxidation states) and
k1 and k2 (the heterogeneous rate constants for oxidation of
a single ferrocenyl group and the porphyrin ring, respective-
ly). The calculated results are shown in Figure 6 (dotted
lines), and the optimized parameters are shown in Table 1.
The calculated results reveal two points. First, the rates of


electron transfer are slower for the ferrocenyl groups than
for the porphyrins. The electrochemical oxidation of ferro-
cenes is usually fast with k=10�1–10�2 cms�1.[21] The ob-
served rate constants are about one order of magnitude
lower. This observation can be attributed to the molecular
architecture, in which the ferrocenyl groups are embedded
within the dendritic framework. A similar phenomenon was
reported by Cardona and Kaifer for a series of dendrimer-
substituted ferrocenes,[22] as well as for other dendrimers
with redox-active groups at the core.[23] Second, the degree
of nonlinearity of the Imax versus (Dt)


�1=2 plots is related to N.
To emphasize this point, Figure 7 shows three calculated Imax
versus (Dt)�


1=2 plots that differ only in N. We can clearly see
that the shapes of the curves are dependent on N.
Leventis et al. reported that, in their redox-active den-


drimers, the number of electrons transferred under voltam-
metric conditions was less than the number of redox-active


Scheme 3. Synthesis of the target dendrimers. DMAP=4-dimethylaminopyridine, EDC=N-ethyl-N’-(3,3-dimethylaminopropyl)carbodiimide.
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Figure 3. 1H NMR spectra of a) G1(Fc)2-ZnPn, b) G2(Fc)6-ZnPn, and
c) G3(Fc)14-ZnPn. Only the regions of the ferrocene-ring protons are
shown. The signals corresponding to the first, second, and third layers are
labeled as 1, 2, and 3, respectively.


Figure 4. Differential pulse voltammograms of the dendrimers and refer-
ence compounds. The peaks labeled I and II are for oxidation of the fer-
rocenyl groups and the porphyrin, respectively. Pulse width=42 ms.


Figure 5. Differential pulse voltammograms of G1(Fc)2-ZnPn with vari-
ous pulse widths. The pulse widths are 5, 10, 20, 42, 83, 167 ms (bottom
to top).


Figure 6. Plots of DPV peak heights versus (Dt)�
1=2 . a) G1(Fc)2-ZnPn,


b) G2(Fc)6-ZnPn, c) G3(Fc)14-ZnPn. The labels I and II correspond to
the labels in Figure 4.*=Experimental,a=calculated.


Table 1. Electrochemical parameters of the dendrimers obtained from
the DPV results.


Compound D [m2 s�1] k1 [cms
�1] k2 [cms


�1]


G1(Fc)2-ZnPn 1.7M10�10 9.6M10�3 4.0M10�2


G2(Fc)6-ZnPn 7.5M10�11 7.2M10�3 3.0M10�2


G3(Fc)14-ZnPn 4.1M10�11 6.0M10�3 6.3M10�2
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groups in the molecule.[9] In our case, we did not see any
evidence of such behavior. More rigorously speaking, our
electrochemical model can explain the observed results
without considering the apparent number of redox-active
groups. On the other hand, if the ferrocenyl groups were
only partially oxidized in peak I, it would be unlikely that
the first oxidation peak of the porphyrin (peak II) would
show the clean, reversible one-electron electrochemistry as
observed. Therefore, we propose that our analysis represents
the electrochemistry of our system sufficiently.
We can summarize the implication of the above analysis


as follows. In these types of redox-pool molecules, the DPV
measurements at different pulse widths are very informative.
By analyzing the voltammograms appropriately, it is possible
to assess both the rate of electron transfer and the number
of redox-active moieties.


Fluorescence Quenching


In these compounds, the fluorescence of the porphyrin was
partially quenched by the ferrocenyl groups. The degree of
quenching increased with solvent polarity (data not shown),
which is consistent with the quenching mechanism of elec-
tron transfer from the ferrocenyl group (donor) to the por-
phyrin (acceptor). The presence of the electron-withdrawing
2,6-difluorophenyl substituents facilitates this electron trans-
fer, as a similar compound with 3,5-di-tert-butylphenyl sub-
stituents showed no fluorescence quenching (data not
shown).
The fluorescence quenching became stronger as the


number of ferrocenyl groups increased, which indicates the
accumulative effect of each ferrocenyl layer up to the third
generation. Figure 8 shows the temporal profiles of the
time-resolved fluorescence. All profiles fitted well to the
monoexponential function. Table 2 lists the fluorescence
lifetimes (t) and apparent quenching rate constants (kapp=1/
t�1/t0; t0= lifetime of reference compound Bn-ZnPn) ob-
tained. With the assumption that each ferrocenyl group con-
tributes to the quenching independently, and that all the fer-
rocenyl groups in the same layer contribute equally, the con-


tribution of one ferrocenyl group in each layer can be calcu-
lated as follows:


First layer: k1=1.92M10
7/2=0.96M107 s�1;


Second layer: k2= (8.36�1.92)M107/4=1.61M107 s�1;
Third layer: k3= (11.4�8.36)M107/8=0.38M107 s�1.


The second layer had the largest effect per ferrocenyl
group. This reversal of order is similar to that observed in
the 1H NMR chemical shifts and can also be attributed to
the structures of these molecules in solution.


Molecular Dynamics


To estimate the average structures of these large, flexible
molecules, we carried out molecular-dynamic (MD) simula-
tions of these molecules in CHCl3. A common problem in
simulations of molecules of this size is the slow movement
of the backbone, the dendritic framework in the present
case. This tends to restrict the movements of the ferrocenyl
groups on the side chains and to cause ambiguity about
their mutual orientations. To avoid this ambiguity, we first
ran the simulation without solvents and considered only
short-range interactions. Free from solvation and long-range
interactions, the molecule easily samples various conforma-
tions during a relatively short time. More importantly, this
preliminary simulation gave an approximate distribution of
the possible structures, as no specific long-range interactions
and solvation are expected to affect the structures of the
present molecules. Next, a series of productive simulations
were performed with initial structures randomly selected


Figure 7. Calculated DPV peak heights with the same parameters
(D=1.7M10�10 ms�2 and k=9.6M10�3 cms�2) but different number of
ACHTUNGTRENNUNGredox-active groups (N).


Figure 8. Time-dependent changes in the fluorescence intensities of ACHTUNGTRENNUNGBn-
ZnPn, G1(Fc)2-ZnPn, G2(Fc)6-ZnPn, and G3(Fc)14-ZnPn in toluene. ACHTUNGTRENNUNGThe
detection wavelength was 500–750 nm.


Table 2. Fluorescence lifetimes and apparent quenching rate constants of
the dendrimers.


Compound t [s] kapp [s
�1]


Bn-ZnPn 2.33M10�9 –
G1(Fc)2-ZnPn 2.23M10�9 1.92M107


G2(Fc)6-ZnPn 1.95M10�9 8.36M107


G3(Fc)14-ZnPn 1.84M10�9 11.4M107
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from the trajectory of the preliminary simulations. The re-
sults were then combined to give an ensemble of conforma-
tions at 300 K. The combined ensemble showed that, for
each layer of ferrocenes, the topologically equivalent iron
atoms (i.e., the two, six, and 14 Fe atoms in the first, second,
and third layers, respectively) gave similar spatial distribu-
tions (the plots are found in the Supporting Information).
This suggests that the conformations of the dendritic frame-
work were sampled over sufficiently wide variations to
allow mutual exchange of equivalent ferrocenyl groups.
Figure 9 shows the spatial distribution of the iron atoms


of all the ferrocenyl groups in relation to the porphyrin ring
at the core. Each point corresponds to one structure in the
ensemble. Figure 10 shows the radial distribution functions
of the iron atoms in the first, second, and third layers from
the center of the porphyrin ring. These figures clearly show
that only the ferrocenyl groups in the second layer have sig-
nificant probability to approach the porphyrin ring closer
than 10 N. This observation is consistent with the results of
1H NMR spectroscopy and fluorescence quenching, namely,


the second layer has a larger interaction with the porphyrin
ring than the first and third layers. In spite of the soft, flexi-
ble nature of the dendritic framework, the side-chain groups
still retain the layered distribution in the averaged structure.
Interestingly, such layered distribution was more distinct


in G3(Fc)14-ZnPn than in G2(Fc)6-ZnPn. The spatial distri-
bution and radial distribution functions of the iron atoms in
G2(Fc)6-ZnPn also showed similar trends to G3(Fc)14-ZnPn,
although the distribution of the first-layer Fe atoms was
somewhat broader in G2(Fc)6-ZnPn than in G3(Fc)14-ZnPn
(see Supporting Information). These results suggest that,
even in the case of these “spatially relaxed” dendritic frame-
works, the presence of the higher-generation branches re-
stricts the movements of the inner layer.
We also carried out MD simulations of a solution of


G3(Fc)14-ZnPn with Bu4NClO4 in CHCl3 to account for the
dynamics of electrochemistry. Our aim was to clarify wheth-
er the ferrocenyl groups were really “buried” inside the
framework, and by how much. To answer this question, we
needed to know where the ferrocenyl groups are located
when the molecule approaches the planar electrode. This is
described as the distribution function along the normal of
the planar electrode, that is, the probability of a certain
atom at distance r from the electrode plane. This function is
simply estimated from the MD results in solution by assum-
ing an imaginary plane of a random orientation that touches
the molecule at a single point and calculating the distance of
the atom of interest from this plane. Figure 11 shows the dis-
tribution functions of the Fe atoms of the ferrocenyl groups
(averaged over 14 Fe atoms) and the Zn atom of the por-
phyrin. There is a spike at 2.6 N in the Fe distribution curve.
This corresponds to the ferrocenyl group exposed at the
“surface” of the molecule. However, the fraction of Fe
atoms in this spike is small (the integrated probability for 0–
3.0 N was less than 2%), and the rest of the Fe atoms are
distributed at 3–50 N with a broad maximum at 22 N. On


Figure 9. Calculated distribution of the iron atoms of the ferrocenyl
groups in G3(Fc)14-ZnPn. The three-dimensional atom positions are pro-
jected onto the two-axis graph by in-plane (horizontal) and out-of-plane
(vertical) distances from the center of the porphyrin ring. The first,
second, and third layer are represented by dark gray, medium gray, and
light gray, respectively.


Figure 10. Radial distribution function (RDF; per single atom) of the
iron atoms in each layer in G3(Fc)14-ZnPn.
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the other hand, the distribution of the Zn atom has a broad-
er peak at 7–9 N, which accounts for about 20% of the Zn
atoms. The broadness and height of the peak are attributed
to the larger size and anisotropy of the porphyrin ring rela-
tive to the ferrocenyl group. The functions in Figure 12 thus
clearly indicate that the porphyrin ring is more likely to ap-
proach the electrode than the ferrocenyl groups. This may
be one reason for the slow electron transfer of the ferrocen-
yl groups found in the DPV analysis. Smith and Gorman re-
ported a similar analysis of electrochemical results in combi-
nation with the MD simulations.[24] They discussed several
lowest-energy conformations and successfully explained the
observed differences between rigid and flexible dendrimers.
On the other hand, our analysis is based on the axial distri-
bution functions, which gives us the advantage of visualizing


the time-averaged distributions of many ferrocenyl groups
at once.
So far, we have deliberately ignored the layer dependence


of the ferrocenyl groups and discussed only the averaged
distribution, because our electrochemical results were not
suitable for discrimination of the ferrocenyl groups in differ-
ent layers. However, we can also calculate the distribution
of each layer of ferrocenes from the MD results, which is
shown in Figure 12. The spike at 2.6 N is much more evident
for the third layer than for the others, and the ferrocenyl
groups of the first and second layers have almost no direct
interaction with the electrode. This suggests that the electro-
chemical oxidation of the ferrocenyl groups of the first and
second layers may proceed by electron exchange with the
ferrocenyl groups in the third layer, rather than by direct
electron transfer with the electrode. Although the present
work does not give any clues as to whether this is the case,
this is an interesting possibility that deserves further study.


Conclusions


We have prepared dendrimers with a porphyrin ring at the
core and ferrocenyl groups at the internal positions in the
framework up to the third generation. The synthetic route
was improved over that in our previous report to allow
faster, more-efficient synthesis. The solution structures were
characterized by the NMR spectroscopic signals of the fer-
rocenyl groups, and the results were consistent with those of
the fluorescence-quenching experiments and the MD simu-
lations. We have also proposed a new method for the analy-
sis of electrochemical results. These results and techniques
will provide the basis for the development of more-complex
and sophisticated soft, layered nanomaterials based on this
type of molecule.


Experimental Section


General


Tetrahydrofuran (THF) and diethyl ether were distilled from sodium di-
phenylketyl. Dichloromethane was distilled from calcium hydride. Other
chemicals were used as received. 1H, 13C, and 19F NMR spectra were re-
corded on JEOL LA500 and LA400 spectrometers. For 1H and 13C NMR
spectroscopy, the solvent signals were used as the internal reference. For
19F NMR spectroscopy, C6F6 in CDCl3 was used as the external reference
(d=164.9 ppm vs. CFCl3). Melting points were determined with a
Yanaco MP-500V instrument (uncorrected values). UV/Vis spectra were
recorded on a Shimadzu UV-2500PC spectrometer. Fluorescence-emis-
sion spectra were recorded on a Shimadzu RF-5300PC spectrometer.
MALDI-TOF MS spectra were recorded on an Applied Biosystems Voy-
ager System 4174 instrument operating at 20 kV accelerating voltage and
positive-ion mode, with dithranol matrix and CHCl3 solvent. Medium-
pressure column chromatography was carried out with a Wakogel C-200
instrument. Analytical thin-layer chromatography (TLC) was performed
on Merck TLC aluminum sheets (silica gel RP-18 F254). Preparative gel-
permeation chromatography (GPC) was performed on an LC-908 (Japan
Analytical Industries) system with polystyrene-based columns (JAIGEL-
2.5H and -2H) and CHCl3 (3.5 mLmin


�1) at room temperature. The re-
tention times (t) are reported for each step. The term “the usual workup”


Figure 11. Axial distribution function (per single atom) of the iron atoms
(average for all layers) and the zinc atom.


Figure 12. Axial distribution function (per single atom) of the iron atoms
in each layer.
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in the synthetic procedures means “water was added to the reaction mix-
ture, and the product was extracted with ethyl acetate, washed with
water and brine, dried over anhydrous sodium sulfate, and the solvent
evaporated.” The data for the compounds (melting points,
1H/13C/19F NMR, elemental analysis, HRMS) are listed in the Supporting
Information.


Synthesis of Dendrimer Precursors


Dimethyl 5-methoxymethoxybenzene-1,3-dicarboxylate: A suspension of
dimethyl 5-hydroxybenzene-1,3-dicarboxylate (21.0 g, 0.10 mol) in THF
(120 mL) was placed in a three-necked flask (500 mL) equipped with two
dropping funnels. One dropping funnel was filled with a solution of po-
tassium hydroxide (85%, 13.2 g, 0.20 mol) in water (30 mL), and the
other with a solution of chloromethyl methyl ether (10.6 mL, 0.14 mol) in
THF (30 mL). With vigorous stirring, the two solutions were simultane-
ously added dropwise over 40 min. After stirring for 1 h, water was
added, and the organic layer was separated and concentrated. The aque-
ous layer was extracted with CH2Cl2, and the extract was combined with
the concentrated organic layer, washed with water, dried over Na2SO4,
and evaporated. The residual colorless syrup slowly crystallized on stand-
ing. Yield: 23.4 g (0.092 mol, 92%).


5-Methoxymethoxybenzene-1,3-dicarboxylic acid monomethyl ester: The
diester (33.1 g, 0.13 mol) was suspended in MeOH (650 mL), and aque-
ous NaOH (1 moldm�3, 120 mL, 0.12 mol) was added. The mixture was
stirred at room temperature for 17 h. Water (100 mL) was added, and the
mixture was concentrated to about 250 mL, upon which a white precipi-
tate appeared. Extraction with EtOAc gave the unchanged diester. A so-
lution of KHSO4 (20.4 g, 0.15 mol) in water (100 mL) was slowly added
to the aqueous layer. A colorless oil separated out, which gradually
turned into a white solid. The solid was collected by filtration and
washed with water. This crude material contains about 5% of the diacid,
from which the desired monoacid was separated by Soxhlet extraction
with CH2Cl2. Yield: 20.5 g (0.085 mol, 66%).


1: A solution of monoacid (6.88 g, 28.6 mmol) and Et3N (4.39 mL,
31.5 mmol) in dry CH2Cl2 (50 mL) was cooled to 0 8C. Isopropyl chloro-
formate (3.68 mL, 31.5 mmol) was added dropwise. After stirring for 2 h
at 0 8C, the reaction mixture was washed with iced water, ice-cooled
dilute aqueous KHSO4, and ice-cooled dilute aqueous NaHCO3, dried,
and evaporated. Evacuation of the obtained oil at 1 torr caused crystalli-
zation. This active ester was dissolved in THF (50 mL), cooled to 0 8C,
then an ice-cooled solution of NaBH4 (3.25 g, 85.8 mmol) in water
(15 mL) was added dropwise over 15 min, and the mixture was stirred for
15 min. After the usual workup, a colorless oil was obtained which slowly
crystallized on standing overnight. Yield: 5.49 g (24.3 mmol, 85%). Cau-
tion: neat isopropyl chloroformate must be kept below 5 8C during han-
dling; warming to room temperature sometimes caused violent decompo-
sition when a pipette or a syringe needle was dipped into it.


2 : Methanesulfonyl bromide (2.28 mL, 28.5 mmol) was added dropwise
to a solution of 1 (4.30 g, 19.0 mmol) and diisopropylethylamine
(4.96 mL, 28.5 mmol) in CH2Cl2 (25 mL) at 0 8C under N2. The mixture
was stirred for 22 h with gradual warming to room temperature. The re-
sulting yellow solution was washed twice with water, dried, and evaporat-
ed. The resulting oil was purified by column chromatography (SiO2,
hexane/EtOAc=7:3 v/v) to give a colorless oil, which slowly crystallized
on standing. Yield: 4.76 g (67%).


3 : A mixture of 2 (5.55 g, 19.2 mmol), 3,5-dihydroxybenzyl alcohol
(1.28 g, 9.14 mmol), K2CO3 (5.31 g, 38.4 mmol), and [18]crown-6 (502 mg,
1.90 mmol) in acetone (60 mL) was heated to 80 8C under argon for 3 h.
After the usual workup, the product was purified by silica-gel column
chromatography (hexane/EtOAc=1:1 v/v). Repeated trituration in 2-
propanol/hexane gave a white amorphous solid. Yield: 3.80 g (6.83 mmol,
75%).


4 : A mixture of 3 (2.30 g, 4.13 mmol), sulfuric acid (12 moldm�3 in water,
5 mL), MeOH (5 mL), and THF (10 mL) was stirred for 22 h at room
temperature. After the usual workup, a colorless oil was obtained, which
became a white amorphous solid on repeated trituration in CHCl3/
hexane. Yield: 2.01 g (4.27 mmol, 103%).


3,5-Bis(4-pentenyloxy)benzyl alcohol: A mixture of 5-bromo-1-pentene
(3.28 g, 22 mmol), 3,5-dihydroxybenzyl alcohol (1.40 g, 10 mmol), K2CO3
(5.53 g, 40 mmol), KI (3.32 g, 20 mmol), and [18]crown-6 (0.53 g, 2 mmol)
in acetone (10 mL) was heated at 90 8C for 16 h. After the usual workup
the product was purified by bulb-to-bulb distillation (1 torr, 220 8C).
Yield: 2.29 g (8.3 mmol, 83%).


3,5-Bis(4-pentenyloxy)benzyl bromide: Methanesulfonyl bromide
(0.72 mL, 9.0 mmol) was added dropwise to a solution of the above alco-
hol (1.66 g, 6.0 mmol) and diisopropylethylamine (1.57 mL, 9.0 mmol) in
CH2Cl2 (8 mL) at 0 8C under N2. The mixture was stirred for 9.5 h with
gradual warming to room temperature. Tetraethylammonium bromide
(0.63 g, 3.0 mmol) was added, and the mixture was stirred at room tem-
perature for 6.5 h. The resulting yellow solution was washed twice with
water, dried, evaporated, and purified by silica-gel column chromatogra-
phy (hexane/EtOAc=10:0–7:3 (v/v) followed by bulb-to-bulb distillation
(1 torr, 260 8C). Yield: 1.33 g (3.9 mmol, 65%).


5 : A solution of pyrrole (670 mg, 10 mmol), 4’-methoxybiphenyl-4-car-
boxaldehyde (425 mg, 2.0 mmol), and 2,6-difluorobenzaldehyde (1.28 g,
9.0 mmol) in CHCl3 (1 L) was bubbled with N2 for 30 min, and BF3·OEt2
(0.44 mL, 3.5 mmol) was added. The mixture was heated to 90 8C for 6 h,
then cooled to room temperature. 2,3-Dichloro-4,5-dicyano-1,4-benzoqui-
none (1.32 g, 5.8 mmol) was added, and the mixture was stirred for 12 h
with protection from light. Triethylamine (0.50 mL, 3.6 mmol) was added,
and the solvent was removed by rotary evaporation. The residue was
treated with column chromatography (SiO2, CH2Cl2), and red-violet frac-
tions containing porphyrins were collected and evaporated. This mixture
of porphyrins was dried in a vacuum, dissolved in dry CH2Cl2 (20 mL),
and cooled to �78 8C under N2. Boron tribromide (0.50 mL, 5.3 mmol) in
dry CH2Cl2 (6 mL) was added dropwise. The mixture was stirred at
�78 8C for 1 h, then warmed to 0 8C over 3 h. Water was added, and the
products were extracted with CH2Cl2, washed with dilute NaHCO3 and
water, dried, and evaporated. Purification by column chromatography
(SiO2, CH2Cl2/MeOH=100:0–95:5) gave the desired monosubstituted
porphyrin. Yield: 0.275 g (0.34 mmol, 14% based on pyrrole).


3,5-Bis(5-methoxymethoxy-3-methoxycarbonylbenzyloxy)benzyl bro-
mide: Methanesulfonyl bromide (0.120 mL, 1.5 mmol) was added drop-
wise to a solution of 3 (557 mg, 1.0 mmol) and diisopropylethylamine
(0.262 mL, 1.5 mmol) in CH2Cl2 (5 mL) at 0 8C under N2. The mixture
was stirred for 16 h with gradual warming to room temperature. The re-
sulting yellow solution was washed twice with water, dried, evaporated,
and purified by column chromatography (SiO2, hexane/EtOAc=70:30
ACHTUNGTRENNUNGv/v) to give a white solid. Yield: 489 mg (79%).


6 : A mixture of 3,5-bis(5-methoxymethoxy-3-methoxycarbonylbenzyl-
ACHTUNGTRENNUNGoxy)benzyl bromide (76 mg, 0.12 mmol), 5 (100 mg, 0.12 mmol), K2CO3
(41 mg, 0.29 mmol), and [18]crown-6 (0.169 g, 0.639 mmol) in acetone
(20 mL) was heated to 80 8C for 3 h. After the usual workup (extraction
with CHCl3 instead of EtOAc), the product was treated with H2SO4
(12 moldm�3, 2 mL), MeOH (2 mL), and THF (5 mL) for 24 h at room
temperature. After the usual workup (including extraction with CHCl3
and neutralization with dilute NaHCO3), the desired compound was puri-
fied by preparative GPC (t=55 min). Yield: 97 mg (77 mmol, 62%).


7: A mixture of 3,5-bis(4-pentenyloxy)benzyl bromide (1.52 g,
4.49 mmol), 4 (1.00 g, 2.14 mmol), K2CO3 (1.48 g, 10.7 mmol), and
[18]crown-6 (0.169 g, 0.639 mmol) in acetone (20 mL) was heated to
80 8C for 2 h. After the usual workup, the product was purified by
column chromatography (SiO2, hexane/EtOAc=70:30–50:50 v/v). Yield:
1.82 g (1.86 mmol, 87%).


8 : Methanesulfonyl bromide (96 mL, 1.2 mmol) was added dropwise to a
solution of 7 (610 mg, 0.62 mmol) and diisopropylethylamine (210 mL,
1.2 mmol) in CH2Cl2 (3 mL) at 0 8C under N2. The mixture was stirred
for 22 h with gradual warming to room temperature. The resulting solu-
tion was washed twice with water, dried, and evaporated. The resulting
yellow oil was purified by column chromatography (SiO2, hexane/
EtOAc=70:30 v/v). Yield: 520 mg (0.50 mmol, 80%).


9 : A mixture of 8 (270 mg, 0.26 mmol), 4 (60 mg, 0.13 mmol), K2CO3
(72 mg, 0.52 mmol), KI (86 mg, 0.52 mmol), and [18]crown-6 (69 mg,
0.26 mmol) in acetone (4 mL) was heated to 80 8C for 1 h. After the
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usual workup, the product was purified by preparative GPC (t=48 min).
Yield: 223 mg (0.094 mmol, 72%).


Synthesis of the Reference Porphyrin


Bn-ZnPn: A mixture of 5 (50 mg, 61 mmol), benzyl bromide (9.5 mL,
80 mmol), K2CO3 (17 mg, 120 mmol), and [18]crown-6 (11 mg, 40 mmol) in
acetone (1 mL) was heated to 80 8C for 2 h. After the usual workup (ex-
traction with CHCl3), the product was converted to the zinc complex
(Zn ACHTUNGTRENNUNG(OAc)2 (66 mg, 300 mmol) in CH3OH (1 mL) and CHCl3 (5 mL),
80 8C, 2 h), purified by preparative GPC (t=58 min), precipitated from
CH2Cl2/CH3OH, and washed with CH3OH. Yield: 50 mg (52 mmol,
85%).


Synthesis of Dendrimer–Porphyrin Linked Compounds


G1 ACHTUNGTRENNUNG(CO2Me)2-ZnPn: A mixture of 8 (84 mg, 80 mmol), 5 (81 mg,
100 mmol), K2CO3 (22 mg, 160 mmol), KI (27 mg, 160 mmol), and
[18]crown-6 (21 mg, 80 mmol) in acetone (2 mL) was heated to 80 8C for
2 h. After the usual workup (extraction with CHCl3), the product was pu-
rified by preparative GPC (t=50 min), converted to the zinc complex
(Zn ACHTUNGTRENNUNG(OAc)2 (110 mg, 0.5 mmol) in CHCl3 (6 mL) and CH3OH (1 mL),
80 8C, 2 h), precipitated from CH2Cl2/CH3OH, and washed with CH3OH.
Yield: 93 mg (50 mmol, 62%).


G2 ACHTUNGTRENNUNG(CO2Me)6-ZnPn: A mixture of 8 (189 mg, 180 mmol), 6 (114 mg,
90 mmol), K2CO3 (25 mg, 180 mmol), KI (30 mg, 180 mmol), and
[18]crown-6 (30 mg, 90 mmol) in acetone (2 mL) was heated to 80 8C.
After 3 h, 20 mg of 8 (19 mmol) was added, and heating was continued
for 1 h. After the usual workup (extraction with CHCl3), the product was
purified by preparative GPC (t=46 min), converted to the zinc complex
(Zn ACHTUNGTRENNUNG(OAc)2 (132 mg, 600 mmol) in CHCl3 (6 mL) and CH3OH (1 mL),
80 8C, 2 h), precipitated from CH2Cl2/CH3OH, and washed with CH3OH.
Yield: 167 mg (51 mmol, 57%).


G3 ACHTUNGTRENNUNG(CO2Me)14-ZnPn: Methanesulfonyl bromide (55 mL, 685 mmol) was
added dropwise to a solution of 9 (328 mg, 137 mmol) and diisopropyl-
ACHTUNGTRENNUNGethylamine (120 mL, 685 mmol) in CH2Cl2 (3.5 mL) at 0 8C under N2. The
mixture was stirred for 19 h with gradual warming to room temperature.
Tetraethylammonium bromide (100 mg, 500 mmol) was added, and the
mixture was stirred for 4 h. The resulting solution was washed twice with
water, dried, and evaporated. The resulting yellow oil was purified by
column chromatography (SiO2, hexane/EtOAc=70:30 v/v), and the col-
orless oil obtained (10 : 264 mg, 107 mmol, 78%) was used in the next
step. A mixture of 10 (234 mg, 95 mmol), 6 (60 mg, 47 mmol), K2CO3
(25 mg, 180 mmol), KI (30 mg, 180 mmol), and [18]crown-6 (24 mg, 90
mmol) in acetone (1 mL) was heated to 80 8C for 3 h. After the usual
workup (extraction with CHCl3), the product was purified by preparative
GPC (t=43 min), converted to the zinc complex (Zn ACHTUNGTRENNUNG(OAc)2 (66 mg,
300 mmol) in CHCl3 (3 mL) and CH3OH (0.5 mL), 80 8C, 3 h), precipitat-
ed from CH2Cl2/CH3OH, and washed with CH3OH. Yield: 104 mg
(17.5 mmol, 36%).


G1(Fc)2-ZnPn: LiAlH4 (7.6 mg, 200 mmol) was added to a solution of G1-
ACHTUNGTRENNUNG(CO2Me)2-ZnPn (55 mg, 30 mmol) in dry THF (3 mL) at 0 8C under N2,
and the mixture was stirred at 0 8C for 2 h. Iced water (2 mL) and a cold
aqueous solution of citric acid (1%, 20 mL) were added in this order,
and the mixture was quickly extracted with CHCl3. The extract was
washed with cold dilute NaHCO3, dried over Na2SO4, and evaporated.
The violet residue was dissolved in dry CH2Cl2 (2 mL), and ferrocene car-
boxylic acid (23 mg, 0.10 mmol), EDC·HCl (29 mg, 0.15 mmol), and
DMAP (36 mg, 0.30 mmol) were added. The mixture was stirred at room
temperature under N2 in the dark for 3 days. Water (5 mL) was added,
and the mixture was extracted with CH2Cl2. The extract was washed with
water (3 times), 1% citric acid (twice), dilute NaHCO3 (twice), and
water again. The organic layer was dried over Na2SO4, evaporated, and
the product was purified by preparative GPC (t=49 min), precipitated
from CH2Cl2/CH3OH, and washed with CH3OH. Yield: 56 mg (25 mmol,
84%).


G2(Fc)6-ZnPn: This compound was prepared by the same procedure as
G1(Fc)2-ZnPn, by use of G2 ACHTUNGTRENNUNG(CO2Me)6-ZnPn (98 mg, 30 mmol), THF
(2 mL), and LiAlH4 (17 mg, 450 mmol), then ferrocene carboxylic acid
(62 mg, 270 mmol), EDC·HCl (52 mg, 270 mmol), DMAP (65 mg,


540 mmol), and CH2Cl2 (2 mL). The product was purified by preparative
GPC (t=46 min), precipitated from CH2Cl2/CH3OH, and washed with
CH3OH. Yield: 113 mg (26 mmol, 87%).


G3(Fc)14-ZnPn: This compound was prepared by the same procedure as
G1(Fc)2-ZnPn, by use of G3ACHTUNGTRENNUNG(CO2Me)14-ZnPn (92 mg, 15 mmol), THF
(3 mL), and LiAlH4 (24 mg, 630 mmol), then ferrocene carboxylic acid
(96 mg, 420 mmol), EDC·HCl (81 mg, 420 mmol), DMAP (101 mg,
840 mmol), and CH2Cl2 (3 mL). The product was purified by preparative
GPC (t=45 min), precipitated from CH2Cl2/CH3OH, and washed with
CH3OH. Yield: 56 mg (6.5 mmol, 43%).


Electrochemical Methods


Electrochemical measurements were carried out with an ALS/CHI
Model 660 voltammetric analyzer under the following conditions:
0.1 mmoldm�3 in CH2Cl2 containing Bu4NClO4 (0.1 moldm


�3), platinum
electrode (0.1 mm diameter), platinum-wire counterelectrode, Ag/
AgClO4/CH3CN reference electrode. The reference electrode was cali-
brated with a cyclic voltammogram of a solution of [Fe ACHTUNGTRENNUNG(C5H5)2]
(1 mmoldm�3 in CH2Cl2 with Bu4NClO4 (0.1 moldm


�3)), and all poten-
tials are reported with reference to [Fe ACHTUNGTRENNUNG(C5H5)2]. The DPV parameters
are as follows: pulse amplitude 50 mV, potential increment 4 mV, pulse
width 5–200 ms, pulse period 200 ms.


Picosecond Time-Resolved Fluorescence Measurements


Picosecond time-resolved fluorescence measurements were carried out
with a streak camera system (C4334 and C5094, Hamamatsu). A kHz Ti/
sapphire regenerative amplifier (Spitfire, Spectra-Physics) seeded by a Ti/
sapphire mode-locked oscillator laser (Spectra-Physics, Tsunami) was
used as the light source, and the second harmonic of the amplified pulse
(400 nm, 0.35–13 nJ) was used for excitation. The polarization of the exci-
tation and detection light was set at the magic angle. The time resolution
of the measurements was 140 ps (full width at half maximum) with a
sweep range of 10 ns. The fluorescence was collected with back-scattering
geometry with respect to the excitation beam. All measurements were
performed at room temperature. The sample solution was placed in a
sealed 1-mm thick quartz cell after bubbling with N2. Toluene (Uvasol,
Merck) was used as the solvent. The concentrations of the sample solu-
tions were 1.0 mm (Bn-ZnPn), 0.18 mm (G1(Fc)2-ZnPn), 0.13 mm


(G2(Fc)6-ZnPn), and 0.12 mm (G3(Fc)14-ZnPn).


Computational Methods


The initial geometries of the organic molecules were obtained by build-
ing the molecular model with the Chem3D program package (Cambridg-
eSoft). The structure and coordinate files of the appropriate format were
generated by a homemade program suite named PSFLIB. The atom
types and force-field parameters of the porphyrin were determined by a
similar method as that described for Mn porphyrins.[25] The choice of pa-
rameters for ferrocenes caused some difficulty; several groups reported
force-field parameters of metallocenes with a dummy atom at the center
of the cyclopentadienyl ring.[26] Although this approach gives a good rep-
resentation of the rotation of cyclopentadienyl rings, it requires modifica-
tion of the program code and thus is not handy. As we are not particular-
ly interested in the detailed dynamics of the ferrocenyl groups them-
selves, we took the simplest model, in which all the cyclopentadienyl
carbon atoms were bound to the iron atom by single bonds. The equilib-
rium bond lengths were taken from the crystal structure of ferrocenecar-
boxylic acid.[27] All other parameters were taken from the parm99 force
field distributed with AMBER 7.[28] The RESP (restrained electrostatic
potential fit) atomic charges[29] were obtained by quantum mechanical
calculations (HF/6–31G*) with GAMESS (US),[30] followed by treatment
with the RESP module of AMBER.


The MD calculation was performed with the NAMD package.[31] A time-
step of 2 fs was used. The temperature was maintained by rescaling the
velocities every 500 steps. The RATTLE constraint[32] was applied to all
hydrogen atoms. A 10-N cutoff was applied to nonbonding interactions.
Simulation with explicit solvents was performed under periodic boundary
conditions with a constant volume, and the long-range electrostatic forces
were evaluated by the particle-mesh Ewald method.[33] The parameters
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for the CHCl3 solvent box were taken from Cieplak et al.
[34] For simula-


tions in the electrolyte solutions, a box with dimensions 118.4M118.4M
118.4 N3 was populated with one unit of the target molecule at the center
and 100 units of Bu4N


+ClO4
� at random positions, and the box was filled


with CHCl3 by use of the above solvent box. This gave the same concen-
trations of the target material (10�3 moldm�3) and the electrolyte
(0.1 moldm�3) as in the experiments. Visualization of the resulting struc-
tures and trajectories were performed with VMD.[35] Calculations were
performed on a Silicon Graphics SGI2800 computer of the Research
Center of Computational Science (Okazaki Research Facilities, NINS)
and a local cluster of Apple PowerMac G5 machines.
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Nanocrystalline Ag from ACHTUNGTRENNUNGSupramolecular Stabilization of Metals
in 4-tert-Butylcalix[4]arene Lattices


Philip O. Brown,[a, b] Gary D. Enright,[a] and John A. Ripmeester*[a, b]


Introduction


Supramolecular chemistry in the solid state is an incredibly
diverse field that ranges from traditional inclusion chemistry
to more recent efforts to engage in the rational design of


crystalline materials.[1–3] The calixarenes,
cyclic bowl-shaped molecules, are frequent or-
ganic targets for use in the construction of
molecular receptors and supramolecular cap-
sules.[4,5] One of the simplest calixarenes, 4-
tert-butylcalix[4]arene (1), has been studied
extensively as a model system for understand-
ing the interplay between various noncovalent


forces in guiding the structural motifs of host–guest com-
pounds.[6–8] It is also a favored precursor compound for the
synthesis of various functionalized receptor molecules. De-
spite this, with the exception of recent studies on the gas-ad-
sorption capabilities of the low-density apo form of 1,[9,10]


the perceived low solubility and comparative simplicity of
the inclusion compounds it forms have caused 1 to be over-
looked as a potential building block for noncovalent assem-
bly of functional materials.


However, early studies by Gutsche et al.[11, 12] clearly indi-
cate that amines can effectively solubilize 1 by virtue of the
acid–base chemistry of the host and guest, such that a single
proton is abstracted from 1 by the amine. In other calix-
ACHTUNGTRENNUNGarene-based systems, the inclusion of ammonium cations
drives the formation of intriguing capsular assemblies, both
in solution[13–16] and in the solid state.[17–20] Similarly, car-
boxy-substituted calixarenes have been shown to assemble
into multidimensional structures through interactions with
amines.[21] As such, the inclusion of amines seems a ready
route to forming novel inclusion compounds with 1.


In fact, although the vast majority of inclusion compounds
formed by 1 are dominated by van der Waals interactions
with the hydrophobic cavity, such that the resulting clath-
rates have a 1:1 or 2:1 host/guest stoichiometry,[6,22, 23] by
taking advantage of the acid–base chemistry of aliphatic
amines and 1, the symmetry of the calixarene in the solid
state is disrupted, thus precluding the formation of such
simple inclusion compounds.[24,25] The resulting competition
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of directional hydrogen bonding between the amine and
phenolic hydroxy groups of 1 and van der Waals stabiliza-
tion of the aliphatic tail by the hydrophobic cavity of the
calixarene gives rise to a framework with a 1:3 host/guest
stoichiometry, which can then be transformed to the more
conventional 1:1 or 2:1.


We recently demonstrated that this strategy of using com-
peting noncovalent forces to guide the self-assembly of
larger frameworks of 1 can also be used to incorporate
amine clusters coordinated to metal centers, thereby making
use of secondary coordination to stabilize such complexes
supramolecularly.[26] Such inclusion behavior is a natural ex-
tension of the numerous studies of calixarenes as receptors
capable of taking up metal cations, either in solution[27–33] or
in the solid state.[34–39] However, by relying on moieties that
are not bound directly to the calixarene, there exists an op-
portunity to alter the coordination complexes dramatically
by removing the ligands completely from the resulting
supramolecular assembly. In particular, thermogravimetric
analysis (TGA) of an isopropylamine–silver inclusion com-
pound of 1 suggested that such compounds may be a route
to producing simple calixarene-supported metal centers.
Such materials could be expected to have catalytic proper-
ties similar to those exhibited by other frameworks that sup-
port metal centers.


Results and Discussion


Given the apparent preference for a 1:3 host/guest stoichi-
ometry in amine–1 compounds, we were curious as to how
an amine guest that could also serve as a bidentate ligand
might influence the packing motif of such compounds. The
resulting motif would be representative of the relative im-
portance of the increased coordination of silver (which is
well-known to be coordinatively flexible[40,41]) through chela-
tion or formation of coordination polymer versus the forma-
tion of an extended hydrogen-bond network in stabilizing
such inclusions. Dissolution of AgNO3 and 1 in ethylenedi-
ACHTUNGTRENNUNGamine (2) gives rise to a solution that, upon evaporation of
excess solvent, readily produces crystals of a silver–amine
calixarene clathrate suitable for single-crystal X-ray diffrac-
tion (SCXRD).


The resulting compound 3 has a 1�/2/Ag+ stoichiometry
of 1:3:0.87; each silver ion is typically coordinated by three
molecules of 2 (Ag···N distances 2.23–2.58 J for majority
positions; see Figure 1). As predicted from previous solu-
tion[11,12] and solid-state studies,[26, 42] the calixarene serves as
the counteranion, with a single proton abstracted from one
of the phenol groups. Given previous studies of amine–Ag
clathrates,[26] this proton is presumably borne by the excess
amine left behind as solvent when the silver is present.
When the silver is absent, the proton is likely to be borne
by one of the exo amines, but the disorder in the guest pre-
vents the exact localization of the moiety that bears the
proton.[25,42]


The coordination of silver to three molecules of 2 gives
rise to a distorted tetrahedral coordination geometry
(Figure 1). As a result, rather extensive disorder is observed
in the structure. The silver center is disordered over three
positions (48:32:7 distribution), along with one of the exo
amines (67:27:6 distribution), whereas the endo amine is dis-
ordered over two positions (72:28 distribution). The latter
also appears to induce disorder in at least one of the tert-
butyl groups (two-fold disorder with 72:28 distribution). The
two singly coordinated molecules of 2 are found outside the
calixarene cavity (exo), whereas the single bidentate-chelat-
ing molecule of 2 resides within the calixarene (endo).


The complex is further stabilized through a network of
hydrogen bonds not unlike that seen in previous amine–
metal–calixarene compounds[26] and silver coordination poly-
mers[43–45] (Figure 2). The coordinating amines interact with
the phenolic hydroxy groups of the calixarene framework
(N···O distances 2.94, 2.98, 3.03, 3.09 J). The free amino
groups of the two exo molecules of 2 form weak hydrogen
bonds to an adjacent silver–amine unit (N···N distance
3.51 J). In conjunction with the altered geometry of the
silver–amine complex, this gives rise to a dramatic distortion
of the capped structural motif previously observed for
amine–1 complexes, with the cavities of the terminal calix-
ACHTUNGTRENNUNGarenes offset by 7.48 J.


The hybrid coordination geometry of the guest complex is
reminiscent of the calixarene–metal complexes previously
reported, in which a range of forces guide the inclusion of


Figure 1. Asymmetric unit of 3 depicting the distorted coordination
ACHTUNGTRENNUNGgeometry of silver. All molecules are shown in majority positions, with
ACHTUNGTRENNUNGhydrogen atoms omitted for clarity. N atoms are depicted as black
ACHTUNGTRENNUNGspheres, Ag and O atoms as gray spheres.
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the metal. Whereas cesium was shown to form a solid-state
complex with the crown conformer 1,[34] more-complex cal-
ixarenes have been typically investigated for the purposes of
binding silver. Studies have generally revolved around con-
formationally immobilized calix[4]arenes arranged in cone,
partial cone, or 1,3-alternating conformations suited for
binding the cation either in solution or in the solid
state.[29–31,38] However, complex coordination spheres of such
compounds are based on cation–p interactions, such that the
resulting compounds lack any multidimensional supramolec-
ular structure.


By the same token, calixarenes can bear modifications to
the phenolic hydroxy groups that make up their bases (such
as crown ethers or esters with carbonyl or nitrogen donor
atoms[36,46–49]) and render them capable of serving as ligands
through nonaromatic interactions. Similarly, calixarenes with
a combination of allyl and methoxy groups have been
shown to bind metals without polyhapto aromatic coordina-
tion owing to self-inclusion of the methoxy obstructing
access to the aromatic groups.[35] Even so, these systems still
display the absence of extended structures observed in sys-
tems that rely on cation–p interactions to bind cations. The
covalent modification of the calixarene in these systems is
oriented toward producing predictable receptors, such that
flexibility in allowing for intermolecular interactions is un-
desirable. In the present system, by making use of the calix-
arene itself to stabilize the ligands noncovalently through in-
clusion (simultaneously leading to obstruction of the calix-
ACHTUNGTRENNUNGarene cavity and introducing a suitable alternative binding
site), the unmodified hydroxy groups on the base of the
calix ACHTUNGTRENNUNGarene are free to serve as part of a hydrogen-bonding


network, such that multidimensional structures are energeti-
cally favorable.


More-appropriate structural comparisons can thus be
drawn from examinations of other AgI coordination com-
pounds, in which self-assembly has long been used to pro-
duce multidimensional structures. As mentioned earlier,
recent studies have clearly demonstrated that secondary in-
teractions such as hydrogen bonding play a significant role
in directing the structure (and therefore the coordination ge-
ometry) of various AgI coordination polymers.[43–45] Earlier
studies of a range of difunctional ligands that rely on nitro-
gen,[50–55] thioether,[56,57] and sulfonate[53,58,59] donor groups
demonstrated how variations in the coordinating group and
the use of non- or minimally interacting counteranions are
also useful tools in effectively directing the coordination ge-
ometry of the AgI ion, such that infinite multidimensional
structures typically involving two-, four-, or six-coordinate
AgI centers are observed.


The calixarene is both a hydrogen-bonding partner and
noninteracting counteranion, and as such is well-suited to di-
recting the coordination geometry observed for silver. Even
so, the included complex is an intriguing contrast to the AgI


coordination compounds typically formed by 2 and a variety
of simple counteranions in the solid state, which generally
take the form of coordination polymers in which each AgI


ion is coordinated by two units of ethylenediamine[60–62] (al-
though exceptions do exist in which chelation is ob-
served[63,64]). It also contrasts with what might be expected
based on studies of AgI chemistry in pure bases, which
showed that Ag halides dissolve in neat monofunctional
bases to produce predominantly 1:1 ligand/AgX compounds
with tetrahedral geometry.[65,66] One would expect similar ge-
ometries to be favored even with crystals derived from neat
ethylenediamine, with the difunctional nature of the amine
leading to cross-linked polymer chains without any chela-
tion. However, with the calixarene as counteranion, such a
structure is not observed.


Ultimately, one must also consider the stabilization of-
fered by inclusion in the calixarene to explain the geometry
of the observed complex. Previous studies indicated that tet-
rahedral amine–Zn clusters[26] cannot be accommodated in a
capped structure, so all the amines are found exo to the cal-
ixarene cavity. Given the fact that similar behavior is ob-
served for clusters composed of amines larger than hexyla-
mine[42] incorporated by 1, the unusual coordination geome-
try is, therefore, a structural compromise to allow the forma-
tion of a capped motif (albeit in a distorted form). Only
small clusters suitable for simultaneous endo inclusion and
hydrogen bonding to adjacent calixarene units can take full
advantage of the calixarene as a secondary ligand, a situa-
tion that is allowed for by the coordinative flexibility of AgI.
This means that the stabilization offered by inclusion and
hydrogen bonding with the calixarene can overwhelm the
potential for stabilization through the formation of a more-
extensive coordination network in which the ethylenedia-
mine molecules each coordinate to two silver centers. How-
ever, both the disorder in the structure and the range of


Figure 2. Packing scheme of 3 from a view parallel to the (011) plane.
Secondary coordination through hydrogen bonds (light blue) further
ACHTUNGTRENNUNGstabilizes the silver centers. All molecules are depicted in majority
ACHTUNGTRENNUNGpositions, with hydrogen atoms omitted for clarity.
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Ag···N distances observed make it clear that a number of
energetically equivalent conformations exist for the guest,
thus indicating that various subtly different combinations of
these forces are suitable for stabilizing this particular motif.


Given that the coordinate interaction is comparable in in-
fluence to the hydrogen bonding observed in other amine–1
compounds, we suspected that we would be able to tune the
structure further by heating the clathrate to remove amines
from it selectively. TGA of 3 indicated that the guest was
lost during three major transitions that are complete at ap-
proximately 80–110, 135–150, and 235–260 8C, with the re-
sulting decreases in mass corresponding to the loss of ap-
proximately one amine molecule at each step. To under-
stand more fully the structural implications of these transi-
tions, we made use of solid-state NMR spectroscopy and
powder X-ray diffraction (PXRD) to monitor these transi-
tions for bulk powder samples of 3.


The 13C cross-polarization magic angle spinning (CP/
MAS) NMR spectra of 3 as synthesized corresponds well
with the SCXRD structure (Figure 3a). The host portion of


the spectrum of 3 exhibits a high degree of splitting, which
would be expected from the large asymmetric unit found
from SCXRD data, in which none of the carbon atoms in
the calixarene are crystallographically equivalent. Further-
more, three ethylenediamine peaks are observed at 41.1,
46.8, and 48.4 ppm; the upfield peak is attributed to the
shielded endo guest (resulting in a complexation-induced
shift of �3.77 ppm relative to the solution spectrum[67]) and
the downfield peaks are due to the silver-deshielded exo
amines. These peaks persist upon dipolar dephasing, thus in-
dicating that the crystallographic disorder is probably due to
dynamic processes of sufficient amplitude to reduce dipolar
coupling to hydrogen.


The spectra clearly indicate that significant structural
shifts occur as the amine is removed from the system
(Figure 3). After heating to 110 8C, the exo amine peaks dis-
appear, but the overall low symmetry of the structure is re-
tained. However, upon heating at 150 8C, peak splittings are
no longer observed for the host or guest; the spectrum now
reflects those commonly observed for the high-symmetry
tetragonal 1:1 host–guest compounds of 1.[22,68] Furthermore,
the guest no longer exhibits a significant complexation-in-
duced shift, suggesting that the amine resides outside the
calixarene cavity. The high symmetry appears to be retained
upon final removal of the amine guest at 270 8C. Throughout
this process, dipolar dephasing indicates that the amine pres-
ent is undergoing dynamic motion.


These structural shifts are also quite clear from the
PXRD data (Figure 4). The powder pattern for the bulk
sample of 3 is readily indexed based on the predictions from


Figure 3. 13C CP/MAS NMR spectra of 3 obtained at room temperature.
a) As synthesized; b) after heating to 110 8C; c) after heating to 150 8C;
d) after heating to 270 8C. Peaks are assigned according to the figure,
with X marking peaks that disappear upon dipolar dephasing.


Figure 4. PXRD patterns for 3. a) Room temperature; b) after heating to
110 8C; c) after heating to 150 8C; d) after heating to 270 8C. See
ACHTUNGTRENNUNGSupporting Information for indexed cell parameters for a)–c).
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the SCXRD structure (see Supporting Information). The
pattern of the sample heated to 110 8C is also readily in-
dexed to this initial cell, which indicates that the structure
of 3 is robust enough to survive the loss of the first amine
molecule, as indicated by TGA and NMR spectroscopy. As
expected from the NMR spectroscopic data, upon heating
to 150 8C, the pattern simplifies considerably. Preliminary in-
dexing of this pattern in the P4/n tetragonal space group
suggested by the NMR spectrum and previous studies[7,8,25]


yields an expanded cell compared to structures without
silver present, with cell axes of a=b=13.73 and c=22.08 J.
However, we cannot rule out at this time the formation of
an alternative high-symmetry phase. Given the NMR spec-
troscopic evidence, this would indicate that the silver clus-
ters are forcing the calixarene layers apart. By the same
token, the absence of a complexation-induced shift of the
resonance assigned to ethylenediamine for the 1:1 host–
guest complex, implies that coordination to silver precludes
inclusion. Full removal of the amine gives rise to a relatively
simple pattern similar to those observed for amine–1 com-
plexes,[25,42] with the exception of two broad high-angle
peaks at 2q=38.268 (d=2.35 J) and 44.238 (d=2.05 J),
which suggest that a second phase is now present.


Visual observation of the samples during the heating pro-
cess provides a reasonable suggestion as to the origin of
these high-angle peaks. As shown in Figure 5, as the sample
is heated, a dramatic color change in the sample from white
to yellow-orange to deep red-brown is observed, suggesting
that the silver undergoes reduction. In fact, these reflections
can readily be indexed as the 111 and 200 peaks of metallic
silver (space group Fm�3m). The broad peak widths therefore
arise from the small size of the spherical silver crystallites
and are representative of the minimum size of the silver
clusters (provided each domain is composed of a single clus-
ter). By using the Scherrer equation,[69] the crystallites are
found to have an average diameter of 94 J, which corre-
sponds to a cross-section composed of approximately 29 Ag
atoms (based on an atomic radius of 1.6 J).


The changes in color that are observed on heating raise
intriguing questions as to how this reduction might progress.
Previous studies showed that silver nanoparticles with com-
parably simple primary ligands do not exhibit this progres-
sion of colors,[70–73] and it is well-known that crystals of
amine–silver compounds photoreduce rapidly to produce
black, metallic powders. This suggests that the calixarene


plays a key role in the reduction process. Two major roles
for the calixarene most easily come to mind: 1) that of a re-
ducing agent; 2) that of a framework that isolates the silver
complex such that the reduction process is carried out in a
novel fashion relative to the aforementioned prior studies.


Given the current data, it is not possible to establish a
specific mechanism for the process, although certain routes
can be ruled out in the light of the structural evidence avail-
able. The oxidation of the hydroxy goups on 4-tert-butylca-
lixarenes to form spirodienone derivatives[74–77] related to
calixquinones[78,79] is well-known, and is the most plausible
method by which the calixarene reduces the silver centers.
Furthermore, such a transformation would likely give rise to
the color changes reported. However, as 13C solid-state
NMR spectroscopy makes clear, no disruption of the aroma-
ticity related to the formation of an enone occurs, nor is a
resonance corresponding to a keto carbon nucleus observed
at about 180 ppm. Furthermore, such a transformation
would give rise to a massive increase in crystallographic
splitting due to the low symmetry of the compound.[75] It
therefore appears that the calixarene alone does not reduce
the silver center.


Given previous observations suggesting that amine coor-
dination decreases the reduction potential of AgI,[73] it seems
that a more-complex reduction mechanism involving the
amine is at play, such that the calixarene only has a periph-
eral role that does not result in structural changes. As previ-
ously mentioned, one of the roles of the calixarene that sat-
isfies such a restriction would be its role as a framework
that isolates the silver centers. In doing so, the resulting en-
vironment may be conducive to amine oxidization by the
silver ion in a fashion analogous to previously reported cata-
lytic systems involving Ag,[80,81] or chemistry similar to that
carried out in biological systems by amine oxidases may
occur.[82] Once again, however, the absence of any unas-
signed resonances in the 13C solid-state NMR spectra indi-
cates that if such chemistry does occur, the amine would
also have to be eliminated from the system during oxida-
tion.


On a qualitative level, the color changes observed are
quite similar to another supramolecular system in which
confinement has been shown repeatedly to give rise to un-
usual redox chemistry: heat-treated silver-loaded zeolites. In
such systems, the silver centers were proposed to undergo
partial reduction to form charged silver clusters with cova-
lent character,[83,84] such that a number of competing models
for structural features leading to the yellow Ag zeolites have
been proposed.[85] At this time, however, we have no direct
evidence to confirm any of the models, as the PXRD data
provide no evidence of the formation of large covalent clus-
ters (although small clusters would not be observable by this
technique).


Structurally, the location of the silver nanoparticles can be
partially inferred from the spectroscopic and XRD data. As
mentioned above, the final form of the amine-desorbed cal-
ixarene is essentially that of the high-symmetry b-apo form,
indicating that the silver nanoparticles are included in the


Figure 5. Color change of bulk samples of 3 due to heating. a) Room
temperature; b) after heating to 110 8C; c) after heating to 150 8C;
d) after heating to 270 8C.
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calixarene matrix such that they do not perturb the favored
packing scheme of the pure calixarene. This is not surpris-
ing, as the inclusion motifs observed for silver in the various
conformationally locked calixarenes previously stud-
ied[29–31,38] could not possibly accommodate silver particles of
the size predicted from the Scherrer equation. The logical
alternative to such an arrangement would be the formation
of an intercalated structure, a supposition supported by the
PXRD unit-cell expansion along the c axis relative to the
normal b-apo form.[42] In view of this, we are now carrying
out further spectroscopic and TEM studies to determine the
exact nature of the crystallites formed and the processes
leading to them.


Conclusions


The coordinative flexibility of silver and the ability of 4-tert-
butylcalix[4]arene to serve as a secondary coordinate ligand
give rise to a supramolecular framework suitable for stabi-
lizing an unusual amine–silver coordination compound. As
predicted, the use of amine guests to bind the silver atom,
as opposed to covalently bound moieties or cation–p inter-
actions, results in the coordination compound included
having a geometry compatible with the packing needs of the
calixarene framework. This is an intriguing role reversal
from most metal–organic frameworks, in which the coordi-
nation properties of the metal determine the overall packing
scheme of the organic subunits in a structure. Finally, the
calixarene framework also provides a suitable environment
for reduction of the silver ion included to yield metallic
nanocrystals of silver. We hope our continuing studies will
further clarify the structure and properties of these promis-
ing materials.


Experimental Section


Crystals of 3 were prepared by placing 1 (0.840 g, 1.29M10�3 mol) in a
vial with ethylenediamine (4.5 mL) and heating the mixture at 70 8C until
the calixarene was completely dissolved. The solution was allowed to
cool, and AgNO3 (0.118 g, 6.98M10�4 mol) was then dissolved in it. The
vial was then loosely capped and set aside to allow slow evaporation of
the amine. After approximately five days, clear crystals were formed.


SCXRD measurements were made on a Bruker SMART 1 K CCD dif-
fractometer (MoKa, l=0.71073 J, graphite monochromator) at 173 K.
An empirical adsorption correction was applied by using the SADABS
program. Structures were solved by direct methods and refined using
full-matrix least squares on F2 with SHELXTL,[86] with all hydrogen
atoms placed in calculated positions except for the amino groups of the
fully ordered ethylenediamine, which were found from the difference
electron-density map. Compound 3 (crystal size 0.48M0.16M0.16 mm):
monoclinic, P21/n, a=13.3739(6), b=21.1368(10), c=18.5147(9) J, b=


109.652(1)8, V=4928.9(4) J3, Z=4, 1calcd=1.242 Mgm�3, 2qmax=29.618,
m=0.407 mm�1, max./min. transmission=0.9378/0.8287, GoF on F2=


1.033, residual electron density max.=0.944, min.=�0.363 eJ�3. Final R
indices (I>2(I)): R1=0.0471, wR2=0.1182 (61547 reflections total, 13857
unique). CCDC-603292 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre at www.ccdc.cam.ac.uk/data_
request/cif.


TGA was carried out by using a TA Instruments TGA 2050 instrument
with samples heated from room temperature to 400 8C at a rate of
5 8Cmin�1. TGA data were interpreted with Universal Analysis for Win-
dows 95/NT suite (version 2.3C; TA Instruments). The overall host/guest
ratio n was calculated based on the weight loss prior to decomposition of
the host at about 300 8C. Based on this, the molar mass of the inclusion
compound and the proportion of amine lost in each step were calculated.


Thermal desorption studies of 3 were carried out in a stepwise fashion by
using a vacuum oven to heat bulk samples, with the exception of the
270 8C sample, which was initially heated at 245 8C in the vacuum oven
and then transferred to a high-temperature furnace to remove residual
amine. In each case, crystals of the clathrate were removed from the
mother liquor, blotted dry with filter paper, and gently ground with a
mortar and pestle. Samples were heated for 30–45 min at each tempera-
ture, and then allowed to cool to room temperature. At each tempera-
ture, the samples were analyzed with PXRD and 13C CP/MAS solid-state
NMR spectroscopy.


PXRD data were collected at 293 K on a Scintag X-2 Advanced diffrac-
tometer (CuKa=1.54178 J) equipped with a graphite monochromator,
using the q–q scan mode. Samples were scanned over a 2q range of 5–
608, with a scan rate of 0.028 s�1 and a count time of 1 s. The resulting dif-
fraction patterns were manually indexed by using the predicted pattern
from analogous SCXRD structures (corrected for appropriate wave-
length) as a guide, along with the program Crystal Cracker[87] and the
Powder 4.0 program suite.[88] Unit-cell parameters were then obtained by
fitting the calculated 2q values to the observed peaks.
13C CP/MAS NMR spectra were collected with a Bruker AMX-300 spec-
trometer (1H=300.145, 13C=75.483 MHz) and a Doty 5-mm high-speed
MAS probe. A pulse delay of 3 s and a contact time of 2 ms were used,
with samples spun at approximately 5 kHz. Dipolar dephased spectra
were obtained by inserting a 40-ms delay between cross-polarization and
acquisition, during which the decoupler was switched off.
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Introduction


The enormous structural diversity exhibited by metal–organ-
ic frameworks represents an opportunity and a challenge for
the crystal engineering of materials with new structural
motifs.[1] It is well-known that their topologies can often be
controlled and modulated by the selection of the coordina-
tion geometry of the metal ions,[2] the chemical nature of or-
ganic ligands,[3] the polarity of reaction solvent,[4] reaction
temperature,[5] the use of template molecules,[6] and so on.
On the other hand, the structural diversity of these frame-


works, especially for a given set of components, is of particu-
lar importance because the superstructure plays an essential
role in determining the properties of crystalline solids.[7]


Herein, we successfully synthesized and characterized a
discrete mononuclear entity and two novel 3D metal–organ-
ic frameworks with urocanate ligands, [Cd2(L2)2(L3)2ACHTUNGTRENNUNG(H2O)8]
(1), {[Cd(L)(L2)] ACHTUNGTRENNUNG(H2O)1=2


}n (2), and {[Cd(L3)2]ACHTUNGTRENNUNG(H2O)3=2
-


ACHTUNGTRENNUNG(EtOH)}n (3) (HL–HL3 are shown in Scheme 1), by control-
ling the reaction conditions. Notably, the rotations of the
carboxy group and the imidazolyl ring (HL and HL1, HL2


and HL3) allow different coordination geometries of the li-


Abstract: The reaction of cadmium(II)
perchlorate with urocanic acid under
different conditions created three novel
coordination compounds: [Cd2(L2)2-
(L3)2 ACHTUNGTRENNUNG(H2O)8] (1), {[Cd(L)(L2)] ACHTUNGTRENNUNG(H2O)1=2


}n


(2), and {[Cd(L3)2]ACHTUNGTRENNUNG(H2O)3=2
ACHTUNGTRENNUNG(EtOH)}n


(3), in which L, L2, and L3 are three ur-
ocanate tautomers. Complex 1 consists
of two separate mononuclear units
with different urocanate tautomers,
which self-assemble into a 3D hydro-
gen-bonding network constructed by


alternating 2D layers, whereas com-
plexes 2 and 3 self-assemble into 3D
alpha-polonium and four-fold inter-
penetrated diamondoid networks, re-
spectively. The tautomerism of the uro-
canate ligands and the enormous struc-


tural diversity of their complexes are
present in this system, which illustrates
that the reaction temperature, pressure,
and the metal ions themselves act co-
operatively to tune the tautomerism of
the ligands and the frameworks of their
metal coordination compounds. The
fluorescence-emission and nitrogen-ad-
sorption properties of these complexes
are also investigated.


Keywords: alpha-polonium
networks · cadmium · diamondoid
networks · tautomerism · urocanate
ligands
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gands. More importantly, H transfer between the two N
atoms of the imidazolyl group (HL and HL2, HL1 and HL3)
caters to the coordination needs of the metal ions
(Scheme 1). As a result, although we used HL as reagent
with �99 % assay and employed the same solvent, its depro-
tonated tautomers (L2 and L3) were also present in the coor-
dination compounds through rotation of and H transfer in
the imidazolyl ring (Scheme 2). This suggests that the reac-
tion temperature, pressure, and the metal ions act as cooper-
atively to control the tautomers of the ligand, resulting in
the structural diversity of their metal coordination polymers.


Results and Discussion


Description of Crystal Structures


The crystallographic data and details of the structure refine-
ment for complexes 1–3 are summarized in Table 1.


Complex 1 crystallizes in the monoclinic space group
P21/n. The crystal structure contains two separate mononu-
clear units, [Cd(L2)2ACHTUNGTRENNUNG(H2O)4] and [Cd(L3)2ACHTUNGTRENNUNG(H2O)4], with tauto-
meric urocanate ligands (L2 and L3) (Figure 1 a). The two
types of CdII center both adopt octahedral geometries


through the coordination of two imidazolyl nitrogen atoms
from two symmetric urocanate ligands and four water mole-
cules. The carboxy group of each urocanate ligand does not
coordinate to the CdII center. The Cd�N and Cd�O bonds
lengths are within the normal ranges (Table 2).[10]


The two types of mononuclear unit [Cd(L2)2ACHTUNGTRENNUNG(H2O)4] and
[Cd(L3)2ACHTUNGTRENNUNG(H2O)4] self-assemble into similar 2D layers through
hydrogen bonding with the opposite urocanate tautomer.
The related hydrogen-bonding geometry is given in Table 3.
All the hydrogen-bond distances fall within the normal
range. Figure 1 b shows the 2D hydrogen-bonding layer con-
structed by the adjacent [Cd(L2)2ACHTUNGTRENNUNG(H2O)4] units. The intermo-
lecular O�H···O hydrogen-bonding interactions O1W�
H1WB···O2#2 (#2=x�1, �y+1.5, z+0.5), O1W�
H1WA···O1#7 (#7=�x+1, y+0.5, �z+0.5), and O2W�
H2WB···O2#6 (#6=x�1, �y+0.5, z+0.5) from the coordi-
nated H2O and COO� groups of the [Cd(L2)2ACHTUNGTRENNUNG(H2O)4] unit
lead to the formation of the 2D layer, which is parallel to
the [100] and [010] directions. There is a similar 2D hydro-
gen-bonding layer constructed by [Cd(L3)2 ACHTUNGTRENNUNG(H2O)4] units.
Furthermore, these two similar types of layers are alternate-
ly arranged to form a 3D network (Figure 1 c) with intermo-
lecular hydrogen-bonding interactions (Table 3).


Scheme 2. The ligand coordination modes in complexes 1–3.


Table 1. Crystallographic data and structure refinement for 1–3.


1 2 3


Chemical formula C12H18CdN4O8 C12H11CdN4O4.50 C28H38Cd2N8O13


Mr 458.70 395.65 919.46
Space group P21/n C2/c I41/a
a [Q] 12.0260(10) 12.4153(11) 18.6378(19)
b [Q] 7.2880(6) 13.7177(12) 18.6378(19)
c [Q] 17.8803(14) 15.0099(16) 22.570(3)
a [8] 90 90 90
b [8] 93.0860(10) 94.3440(10) 90
g [8] 90 90 90
V [Q3] 1564.9(2) 2549.0(4) 7840.2(15)
Z 4 8 8
GOF 1.080 1.043 1.212
D [gcm�3] 1.947 2.062 1.558
m [mm�1] 1.449 1.742 1.152
T [K] 183(2) 293(2) 273(2)
R[a]/wR[b] 0.0227/0.0642 0.0212/0.0527 0.0754/0.1339


[a] R=S(jjF0j�jFC j j )/S jF0 j ; [b] wR= [Sw(jF0j2�jFC j 2)2/SwACHTUNGTRENNUNG(F0
2)]


1=2 .


Figure 1. a) The two separate mononuclear units with H atoms omitted,
b) the quasi-2D network consisting of intermolecular hydrogen-bonding
interactions, and c) the packing pattern of the 2D hydrogen-bonding net-
works of 1. *=Cd, *=C, *=N, *=O, *=H.


Chem. Asian J. 2006, 1, 536 – 543 I 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemasianj.org 537







Complex 2 crystallizes in the monoclinic space group
C2/c. The asymmetric unit of 2 contains one CdII center, the
mixed urocanate ligands (L and L2), and half a water mole-
cule. The CdII center adopts a distorted octahedral geometry
by coordinating to an imidazolyl nitrogen atom and four car-
boxy groups of L and L2 in a chelating, m2, or monodentate
fashion (Figure 2 a). The carboxy group of each L2 ligand
adopts an O�C�O bridging coordination mode to link two
adjacent CdII ions and form an eight-membered dimetallocy-
cle with a Cd···Cd separation of 4.102 Q, whereas that from
each L ligand adopts m2 and monodentate coordination
modes to link two adjacent CdII ions and form a four-mem-
bered dimetallocycle with a Cd···Cd separation of 3.856 Q.
The two types of dimetallocycle share the CdII centers and
expand in an infinite chain down the c axis. The imidazolyl
N atoms of L2 are coordinated to the CdII centers, whereas
those of L are not. Notably, the reagent HL became L2 to
coordinate to CdII centers through H transfer. All the Cd�O


and Cd�N bond lengths fall within the normal ranges
(Table 4).[10]


A more-careful examination shows that the structure of 2
contains a 2D layer constructed by unique octanuclear cad-
mium building blocks (Figure 2 a). In each building block,
the two cadmium atoms at each corner are bridged by two
carboxy groups of the uraconate ligands to form an eight-
membered ring with a Cd···Cd separation of 4.102 Q. The
adjacent imidazolyl rings (corresponding symmetry code:
�x+1, y, 0.5�z) are arranged face-to-face with a centroid-
to-centroid separation of 3.382 Q, which indicates the pres-
ence of strong p–p stacking interactions. Interestingly, the
carboxy groups of L link these adjacent 2D layers to form a


Table 2. Selected bond lengths (Q) and angles (8) for 1.[a]


Cd1�N1 2.2850(13) Cd1�O2W 2.2955(12)
Cd1�O1W 2.3770(12) Cd2�N3 2.2264(13)
Cd2�O3W 2.3452(12) Cd2�N3 2.3643(12)


N1�Cd1�N1#1 180.00(7) Cd1�O2W 91.34(5)
N1�Cd1�O2W 88.66(5) O2W#1�Cd1�


O2W
180.0


N1�Cd1�O1W 95.42(4) N1#1�Cd1�O1W 84.58(4)
O2W#1�Cd1�
O1W


84.54(4) O2W�Cd1�O1W 95.46(4)


O1W�Cd1�
O1W#1


180.0 N3#2�Cd2�N3 180.0


N3#2�Cd2�O3W 93.76(5) N3�Cd2�O3W 86.24(5)
O3W�Cd2�
O3W#2


180.00(6) N3#2�Cd2�
O4W#2


94.68(4)


N3�Cd2�O4W#2 85.32(5) O3W�Cd2�
O4W#2


89.94(4)


O3W�Cd2�O4W 90.07(4) O4W#2�Cd2�
O4W


180.0


[a] Symmetry codes for 1: #1=�x+2,�y+2,�z ; #2=�x,�y,�z+1.


Table 3. Hydrogen-bonding geometries for 1.


D�H···A[a] D�H [Q] H···A [Q] D···A [Q] D�H···A [8]


O4W�H4WB···O4#1 0.82 1.98 2.774(2) 166
O1W�H1WB···O2#2 0.82 2.14 2.933(2) 165
N2�H2A···O3 0.83 1.94 2.771(2) 179
O3W�H3WA···O2#3 0.83 1.90 2.722(1) 176
O2W�H2WA···O4#4 0.82 1.88 2.698(2) 175
N4�H4A···O1#5 0.89 1.92 2.805(9) 174
O2W�H2WB···O2#6 0.81 2.02 2.827(0) 172
O3W�H3WB···O4# 6 0.84 2.02 2.833(9) 162
O1W�H1WA···O1#7 0.82 1.89 2.693(5) 165
O4W�H4WA···O3#3 0.82 1.87 2.687(4) 171
C1�H1···O2W 0.95 2.55 3.143(5) 121
C4�H4···O4W#4 0.95 2.58 3.515(3) 168
C7�H7···O3W 0.95 2.52 3.097(6) 119
C11�H11···O1W#3 0.95 2.58 3.427(3) 148


[a] Symmetry codes: #1=x�1, �y�0.5, z+0.5; #2=x�1, �y+1.5, z+
0.5; #3=�x, y�0.5, �z+0.5; #4=�x, y+0.5, �z+0.5; #5=x�1, y, z ;
#6=x�1, �y+0.5, z+0.5; #7=�x+1, y+0.5, �z+0.5.


Figure 2. Sections of the polymeric structures of 2 showing a) the unique
octanuclear building blocks bridged by the carboxy groups of L (yellow),
b) the 3D framework consisting of the adjacent 2D layers bridged by the
carboxy groups of L, and c) a schematic illustration of the alpha-poloni-
um network. *=Cd, *=C, *=N, *=O, * shows the centroid-to-
centroid separation of two imidazolyl rings.
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noninterpenetrated 3D alpha-polonium network (Fig-
ure 2 b).[11] The two nearest cadmium atoms between two ad-
jacent 2D layers are bridged by two carboxy oxygen atoms
from L through m2 coordination to form a four-membered
dimetallocycle with a Cd···Cd separation of 3.856 Q. Fig-
ure 2 c shows the continuous and slightly distorted rectilin-
ear alpha-polonium network with each cadmium atom pair
in the eight-membered ring of the octanuclear unit as a
node. Thus, it is reasonable that the 3D alpha-polonium net-
work of 2 consists of 2D layers with unique octanuclear cad-
mium building blocks that are bridged by the carboxy
groups of L. The water molecules are included in the spaces
between two adjacent layers with strong intermolecular hy-
drogen-bonding interactions (Table 5).


Under solvothermal conditions at 140 8C, the reaction of
HL with Cd ACHTUNGTRENNUNG(ClO4)2·6H2O affords the four-fold interpene-
trated diamondoid network of 3 ; a similar structure was re-
cently reported with different guest molecules.[12] The crystal
data of 3 were collected with low-temperature refinement
and well-refined guest molecules (H2O and EtOH).


As opposed to 1 and 2, complex 3 crystallizes in the high-
symmetry tetragonal space group I41/a. The asymmetric unit
of 3 contains one CdII center, two L3 ligands, and one and a
half water and one ethanol molecules. The CdII center
adopts a highly distorted octahedral geometry through coor-


dination of two imidazolyl nitrogen atoms and two chelating
carboxy groups from four separate L3 ligands (Figure 3 a). If
the chelating carboxy groups are treated as connecting
points, the CdII centers in 3 have a pseudotetrahedral geom-
etry. Each CdII center in 3 is thus connected to four other
CdII centers to produce a diamondoid network (Figure 3 a).
With Cd···Cd separations of 10.823 and 10.967 Q, a large
void is generated within a single diamondoid cage. Each L3


ligand links two adjacent CdII ions and expands in three di-
mensions to form the nanosized (�19 Q) channel structure


Table 4. Selected bond lengths (Q) and angles (8) for 2.[a]


Cd1�N1 2.2248(17) Cd1�O2#1 2.2610(14)
Cd1�O4#2 2.3647(16) Cd1�O1#3 2.3684(16)
Cd1�O3#2 2.3904(15) Cd1�O3 2.4489(16)
Cd1�C12#2 2.725(2)


N1�Cd1�O2#1 126.25(6) N1�Cd1�O4#2 92.96(6)
O2#1�Cd1�O4#2 140.69(6) N1�Cd1�O1#3 97.97(6)
O2#1�Cd1�O1#3 87.89(5) O4#2�Cd1�O1#3 83.40(6)
N1�Cd1�O3#2 142.12(6) O2#1�Cd1�O3#2 88.30(5)
O4#2�Cd1�O3#2 55.51(6) O1#3�Cd1�O3#2 98.35(5)
N1�Cd1�O3 94.38(6) O2#1�Cd1�O3 80.97(6)
O4#2-Cd1-O3 100.71(6) O1#3�Cd1�O3 166.77(6)
O3#2�Cd1�O3 74.33(6)


[a] Symmetry codes for 2 : #1=�x+0.5, y�0.5, �z+0.5; #2=�x, �y+1,
�z+1; #3=x�0.5, y�0.5, z.


Table 5. Hydrogen-bonding geometries for 2.[a]


D�H···A D�H [Q] H···A [Q] D···A [Q] D�H···A [Q]


N2�H2A···N4#1 0.86 2.04 2.895(8) 171
N3�H3 A···O1W#2 0.86 2.53 2.901(1) 107
N3�H3A···O2#3 0.86 1.95 2.780(0) 160
C2�H2···O1#4 0.93 2.46 3.082(0) 125
C3�H3···O1W#5 0.93 2.27 3.134(9) 154
C5�H5···O1W#6 0.93 2.55 3.213(0) 129
C8�H8···O1W#2 0.93 2.60 2.933(0) 102
C9�H9···O3#7 0.93 2.59 3.295(5) 133
C10�H10···O3 0.93 2.43 2.793(6) 103


[a] Symmetry codes: #1=x�0.5, y+0.5, z ; #2=�x+1, �y+1, �z+1;
#3=�x+1, y, �z+0.5; #4=�x+0.5, y�0.5, �z+0.5; #5=�x, y+1,
�z+1; #6=x, �y+1, z�0.5; #7=�x+0.5, �y+1.5, �z+1.


Figure 3. a) The diamondoid network unit, b) the 3D framework with
nanosized open channels along the a axis, and c) diagram illustrating the
four-fold interpenetration along the a axis of 3. *=Cd, *=C, *=N,
*=O.
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(Figure 3 b). Notably, the cavities are decreased in size by
three other identical interpenetrated diamondoid networks,
such that four independent diamondoid networks mutually
interpenetrate (Figure 3 c). All the Cd�O and Cd�N bond
lengths fall within the normal ranges (Table 6).[10] Complex


3 belongs to class IIa of interpenetration,[1g,13,14] in which the
networks are related by a single symmetry element. Only a
few examples of this type of four-fold interpenetration have
been reported.[12,15,16] Despite the nature of the interpenetra-
tion, 3 still forms 1D open channels (10.8 S 11.0 Q2) in which
guest molecules (EtOH and H2O) are trapped (Table 7).


Thermogravimetric Analysis


Thermogravimetric analysis (TGA) was carried out to inves-
tigate the thermal stabilities of 2 and 3 (see Supporting In-
formation). The TGA curve of 2 indicates the slow release
of guest molecules (H2O) up to about 200 8C to give the sol-
vent-free form; this slow release is probably due to the
strong hydrogen-bonding interactions of the trapped water
molecules with the urocanate ligands. From 300 8C, the li-
gands start to be released. The TGA curve of 3 indicates the
release of guest molecules (H2O and EtOH) from 80 to
160 8C to give its solvent-free form. From 290 8C, the ligands


start to be released. Furthermore, the powder XRD patterns
of 1–3 also indicate that only one clean phase is formed at
each reaction condition.


Fluorescence Emission


The fluorescence emission properties of 1–3 and urocanic
acid were further investigated. Urocanic acid displays a
weak fluorescence maximum at 380 nm in the solid state at
room temperature, whereas 2 exhibits an intense bathochro-
mic shift with the emission maximum at 483 nm (lex=


380 nm) (Figure 4). The bathochromic shift is undoubtedly


due to the deprotonation of the ligand when forming the 3D
alpha-polonium network. The p–p stacking interactions of
the imidazolyl groups may have also contributed to the
bathochromic shift in 2. Complex 3 displays an intense emis-
sion maximum at 612 nm (lex=460 nm) (Figure 4), which
may be attributed to metal-to-ligand charge transfer
(MLCT). Undoubtedly, the rigidity of the frameworks of 3
also contributes to the enhancement of the fluorescence
emission.[17] Complex 1 exhibits a slightly weaker fluores-
cence emission than that of free urocanic acid, which may
be attributed to the many coordinated water molecules in 1
quenching the fluorescence emission of the ligands. The
strong blue emissions of 2 and 3 in the solid state implies
that these complexes may be potentially applicable as mate-
rials for blue-light-emitting diode devices.[18]


Nitrogen Adsorption


Despite the nature of the four-fold interpenetration, 3 still
forms 1D open channels in which guest molecules (EtOH
and H2O) are trapped. The total potential void volumes of
the open channels of 3 are estimated to be about 35.3 %
(2769.7 Q3) of the volume of the unit cell (7840.2 Q3), as cal-
culated with PLATON.[19] The powder XRD patterns and
crystal structure of the dehydrated form of 3 also confirmed
that the solids, after removal of the solvent molecules, retain


Table 6. Selected bond lengths (Q) and angles (8) for 3.[a]


Cd1�N3 2.192(6) Cd1�O2#1 2.241(5)
Cd1�N1#2 2.251(7) Cd1�O4 2.285(5)
Cd1�O3 2.459(5) Cd1�O1#1 2.608(5)
Cd1�C6 2.735(7)


N3�Cd1�O2#1 139.4(2) N3�Cd1�N1#2 103.3(2)
O2#1�Cd1�N1#2 93.9(2) N3�Cd1�O4 116.9(2)
O2#1�Cd1�O4 97.0(2) N1#2�Cd1�O4 96.0(2)
N3�Cd1�O3 96.8(2) O2#1�Cd1�O3 84.20(19)
N1#2�Cd1�O3 150.55(19) O4�Cd1�O3 55.34(17)
N3�Cd1�O1#1 86.9(2) O2#1�Cd1�O1#1 52.95(18)
N1#2�Cd1�O1#1 104.8(2) O4�Cd1�O1#1 143.78(18)
O3�Cd1�O1#1 97.40(18)


[a] Symmetry codes for 3 : #1=x, y�0.5, �z ; #2=x�0.5, y, �z+0.5; #3=
x+0.5, y, �z+0.5.


Table 7. Hydrogen-bonding geometries for 3.[a]


D�H···A D�H [Q] H···A [Q] D···A [Q] D�H···A [Q]


O1W�H1WB···O4 0.82 2.13 2.755(3) 133
N2�H2D···O3#1 0.86 1.98 2.799(8) 158
O2W�H2WA···O1W 1.10 2.00 3.001(0) 149
N4�H4D···O2#2 0.86 1.86 2.684(2) 159
C3�H3···O1#3 0.93 2.44 3.338(2) 161
C4�H4···O3 0.93 2.52 2.840(8) 101
C9�H9···O1#4 0.93 2.45 3.097(8) 127
C11�H11···N4 0.93 2.59 2.917(7) 101
C13�H13B···O1W#5 0.96 1.92 2.805(9) 152
C13�H13C···O1W 0.96 1.99 2.796(8) 140


[a] Symmetry codes: #1=�y+0.75, x+0.25, z+0.25; #2=y+0.25, �x+
1.25, z+1.25; #3=�x+0.5, �y+1.5, �z+0.5; #4=x, y�0.5, �z ; #5=
�x+0.75, y�0.25, z�0.5.


Figure 4. Fluorescence emission spectra of 2 and 3 in the solid state with
lex=380 nm for 2 and lex=460 nm for 3. c=2, c=3.
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the initial framework of 3.[12] Therefore, it is possible to
study the molecular adsorption features of 3.


The nitrogen adsorption behavior of 3 was examined at
77 K. Nitrogen adsorption isotherms were recorded with au-
tomatic volumetric adsorption equipment (ASAP2010, Mi-
crometritics). A sample of 3 (330 mg) was placed in a quartz
tube and dried under high vacuum at 160 8C for 10 h to
remove the solvent molecules prior to measurements. Ap-
proximately 1.08 mmol of N2 per gram of solvent-free
sample was adsorbed at 1 atm (Figure 5).


Theoretical Investigations


To provide insight into the energy difference and charge dis-
tribution of 1–3, we performed quantum chemical calcula-
tions with the Gaussian 03 program.[20] The Becke three pa-
rameter hybrid functional with
the Lee–Yang–Parr correlation
corrections (B3LYP) was
used.[21] The 6-311+G(d) basis
set was used for C, N, O, and
H atoms, and the Los Alamos
ECP plus DZ (LANL2DZ) for
Cd atoms.[22] For the tautomers
of HL–HL3, the geometries
were fully optimized, and vi-
brational frequencies were cal-
culated with analytical second
derivatives. For 2 and 3, Mul-
liken population analysis was
carried out on the geometries
of the monomolecular units cut
out from the crystal data.


Figure 6 shows the optimized
structures, selected Mulliken
charge distributions, and rela-
tive energies of the HL tauto-


mers. The energy differences of the imidazolyl H transfer
between HL and HL2 (DE=0.27 kcal mol�1) and between
HL1 and HL3 (DE=�0.34 kcal mol�1) are lower than those
of the rotation of the imdazolyl group between HL and HL1


(DE=1.73 kcal mol�1) and between HL2 and HL3 (DE=


1.12 kcal mol�1), all of which are small. On the other hand,
1H NMR spectroscopic measurements showed that upon
heating HL to 90 and 140 8C in water without CdII ions, it
does not turn tautomerize, which suggests high activation
barriers for H transfer and imidazole ring flip. As shown in
Figure 7, the lowest unoccupied and highest occupied molec-
ular orbitals (LUMO and HOMO, respectively) of singlet
HL further imply that the C�C bonds between the imidazol-
yl and alkenyl groups are tightened by the conjugated p


system, which makes the imidazole ring difficult to flip. The
observation of the tautomers herein suggests that the CdII


ions play an important role in determining the structures of
urocanate ligands. In 1, HL turns into HL2 and HL3 to coor-


Figure 5. N2 adsorption curve of 3 at 77 K.


Figure 6. Optimized structures, selected Mulliken charge distributions,
and relative energies of the urocanic acid tautomers at the B3LYP/6-
311+G(d) level of theory.


Figure 7. Molecular orbital pictures of singlet HL, showing the LUMO and HOMOs down to the eighth
ACHTUNGTRENNUNGvalence molecular orbital from the HOMO. The unit of orbital energy is the hartree (in parentheses).


Chem. Asian J. 2006, 1, 536 – 543 I 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemasianj.org 541


Formation of Cadmium(II) Urocanate Frameworks







dinate to CdII ions at room temperature as it is energetically
favorable. Calculations on the asymmetric units of 2 and 3
at the B3LYP/6–311+G(d)-LANL2DZ level predict that 3
lies 30.59 kcal mol�1 lower in energy than 2, which suggests
that 3 has a more stable structure than 2. Furthermore, 3
was only obtained under higher-temperature solvothermal
conditions herein, thus implying that the tautomerism of the
ligands results from a cooperative effect of the temperature,
pressure, and the metal ions in the self-assembly
(Scheme 3).


Conclusions


Three CdII urocanate coordination compounds have been
synthesized separately through control of the reaction condi-
tions. The tautomers of the urocanate ligand were present in
this system, which illustrates that the temperature, pressure,
and the metal ions act cooperatively to control the tauto-
merism of the ligands. This effect results in the enormous
structural diversity of such metal coordination compounds.


Experimental Section


Materials and General Methods


All the solvents and reagents for synthesis were commercially available
and used as received. FTIR spectra (KBr pellets) were recorded on a
JASCO FT/IR-230 spectrometer. Powder XRD data was collected with
CuKa (l=1.5406 Q) radiation on a Rigaku X-ray diffractometer. TGA
was carried out at a ramp rate of 5 8C min�1 in a helium atmosphere with
a Shimadzu DTG-50 instrument. Emission spectra were recorded on a
Perkin–Elmer LS50B luminescence spectrophotometer. Nitrogen adsorp-
tion measurements were performed with automatic volumetric adsorp-
tion equipment (ASAP2010, Micrometritics).


Syntheses


1: A mixture of CdACHTUNGTRENNUNG(ClO4)2·6H2O (0.84 g, 2 mmol), urocanic acid (0.28 g,
2 mmol), and a solution of water/ethanol/pyridine (1:5:1, 10 mL) was stir-
red for 3 h and filtered. Colorless crystals of 1 (0.29 g, �63 %) were ob-


tained after the filtrate was left to stand for ten days at room tempera-
ture. IR (KBr): ñ=3357 (m), 2854 (w), 1653 (s), 1529 (vs), 1384 (vs),
1277 (m), 1166 (s), 1124 (vs), 1001 (s), 846 (m), 678 (m), 647 cm�1 (m).


2 : A mixture of Cd ACHTUNGTRENNUNG(ClO4)2·6H2O (0.84 g, 2 mmol), urocanic acid (0.28 g,
2 mmol), and water/ethanol/pyridine (1:5:1, 10 mL) was sealed in a
teflon-capped scintillation vial. Yellow prismatic crystals of 2 (0.14 g,
�36 %) were obtained after four days of heating at 90 8C. IR (KBr): ñ=
3132 (m), 1845 (vs), 1773 (vs), 1696 (s), 1517 (s), 1457 (m), 1276 (m), 840
(m), 701 (w), 624 cm�1 (w).


3 : The synthesis of 3 is similar to that of 2 except that a reaction temper-
ature of 140 8C was used. Colorless block crystals of 3 (0.32 g, �70%)
were obtained after four days. IR (KBr): ñ=3384 (m), 1918 (m), 1792
(vs), 1684 (s), 1623 (m), 1534 (s), 1329 (m), 1121 (m), 970 (m), 970 (w),
825 cm�1 (w).


Caution: Perchlorate complexes of metal ions in the presence of organic
ligands are potentially explosive. These materials should be handled with
extreme care in small amounts.


XRD Data Collection and Structure Determination


Single-crystal XRD data for 1–3 were collected on a Bruker Smart 1000
CCD diffractometer at 183(2) K with MoKa radiation (l=0.71073 Q).
The program SAINT[8] was used for integration of the diffraction profiles.
All the structures were solved by direct methods with the SHELXS pro-
gram of the SHELXTL package and refined by full-matrix least-squares
methods with SHELXL (semiempirical absorption corrections were ap-
plied with the SADABS program).[9] Metal atoms in each complex were
located from the E maps, and other non-hydrogen atoms were located in
successive difference Fourier syntheses and refined with anisotropic ther-
mal parameters on F2. The hydrogen atoms of the ligand were generated
theoretically onto the specific atoms and refined isotropically with fixed
thermal factors. The hydrogen atoms of the water molecules were located
by the difference Fourier method. Further details of the structural analy-
sis are summarized in Table 1.


CCDC-288377 (1), -267261 (2), and -267262 (3) contain the supplementa-
ry crystallographic data for this paper. These data can be obtained free
of charge from the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK (fax: (+44) 1223-336-033; e-mail :
ACHTUNGTRENNUNGdeposit@ccdc.com.ac.uk) or at www.ccdc.cam.ac.uk/data_request.cif.
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Dendrimeric Bisphosphonates for Multivalent Protein Surface Binding


Markus Arendt, Wei Sun, Jens Thomann, Xiulan Xie, and Thomas Schrader*[a]


Introduction


For efficient and selective molecular recognition processes
on surfaces, nature often applies the concept of multivalen-
cy:[1] single weak-binding events are multiplied either be-
cause the approaching guest, usually a protein, carries many
identical binding sites or because the surface offers an array
of multiple similar receptor sites. Binding energies usually
increase enormously as a consequence of the favorable en-
tropy balance for the subsequent binding events, which take
advantage of preorganization.[2] Cell surface recognition pro-
vides many instructive examples for this principle: the influ-
enza virus attaches to its target cell by way of multiple si-
multaneous interactions between hemagglutinin (HA) tri-
ACHTUNGTRENNUNGmers on its own surface and sialic acids (SA) densely
packed on the cell surface;[3] fibronectin, a soluble glycopro-
tein with a large number of arginine–glycine–aspartate
(RGD) tripeptide fragments on solvent-exposed loops,


docks onto membrane-bound integrins presented by epithe-
lial cells.[4] Similarly, neutrophils attach to endothelial cells
close to the site of injury through polyvalent interactions,[5]


antibodies recognize their antigens with multiple receptor
sites,[6] and oligomeric transcription factors bind to multiple
sites on DNA.[7] In summary, the concept of multivalency
finds widespread use in biology and often collectively results
in dramatically enhanced interaction.
Supramolecular chemists have started to imitate this pow-


erful concept and develop artificial receptor molecules with
multiple binding sites. Whitesides and co-workers dimerized
and later also trimerized the efficient antibiotic vancomycin
and achieved extremely strong binding to the Lys-d-Ala-d-
Ala sequence found ubiquitiously in bacterial cell walls.[8]


Bundle and co-workers invented a pentameric carbohydrate
inhibitor called “starfish”, which was specific for and ex-
ceedingly active against shiga toxin.[9] Similarly, a high-affin-
ity inhibitor for cholera toxin required a fivefold attachment
of an a-d-galactoside (MNPG) to a pentacyclen core unit.[10]


Postsynthetically modified (PSM) polymers in the form of
multivalent mannose displays nonspecifically inhibit hemag-
glutination.[11] Specific recognition of phosphorylated pep-
tides and proteins was realized by a fluorescent chemosen-
sor carrying two ZnII–dipicolylamine units.[12] Multivalent
transition-metal complexes were designed to match the histi-
dine surface pattern of carbonic anhydrase.[13] Anionically
functionalized amphiphilic nanoparticles (i.e., monolayer-
protected gold clusters; MMPCs), on the other hand, use
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nonspecific interactions to inhibit chymotrypsin efficiently
through electrostatic binding followed by protein denatura-
tion.[14] Finally, aspartate-rich cyclopeptides on calixarene
scaffolds or glutamate-rich peptides on porphyrins were re-
cently developed for cationic protein surface recognition.[15]


In the challenging area of protein epitope mimetics, consid-
erable progress was recently achieved with b-hairpin scaf-
folds.[16] These can even be combinatorially generated for
automated biological screening. Similarly, functionalized
helix–loop–helix motifs have been used in an elegant way to
control recognition and catalyst properties of designed pro-
tein receptors.[17]


In recent years we introduced m-xylylene bisphospho-
nates 1 as receptor units for lysine and arginine residues in a
peptidic environment.[18] However, as the binding event
relied mostly on electrostatic interactions, even in organic
solvents their affinity dropped drastically with increasing
solvent polarity (DMSO: �25000m�1!methanol: 800m�1).
In water, almost no attraction of basic peptides occurred.
The question of whether multiplication of the single weak
interactions would recover the efficient recognition of basic
peptides in water and at the same time impose specificity
for accumulated basic amino acids over isolated arginines or
lysines (Figure 1) therefore arose.
The new dimer and trimer showed no appreciable self-as-


sociation, as judged from dilution experiments, but distinct
chemical-shift changes were observed during NMR spectro-
scopic titrations in methanol with RR (diarginine) and RRR
(triarginine).[19] Nonlinear regression analysis of the result-
ing binding isotherms produced binding constants that were


much higher than those of single host–guest interactions: a
2:1 complex (Job plot) with Ka=42000m�1 for each individ-
ual complexation step was found for the dimer with H-Arg-
Arg-OH, and a somewhat less pronounced increase in Ka to
60000m�1 for the trimer with H-Arg-Arg-Arg-OH, this time
in the much more efficient 1:1 stoichiometry. Considering
the substantial structural difference in the spacer units of
dimer 2 and trimer 3, the 50- and 75-fold increases in Ka


agree very well with the multiplication of binding events
postulated above due to the covalently interconnected re-
ceptor units. Even more promising is the relatively high as-
sociation constant for the trimer/RRR interaction in 50%
aqueous methanol, which still amounts to 16000m�1, proba-
bly due to additional hydrophobic interactions between both
host and guest backbones (dotted lines in Figure 1b.). How-
ever, for a binding mechanism that relies mainly on Cou-
lomb interactions, even a 1:1 methanol/water mixture (nec-
essary for complete dissolution of 2 and 3) is far less com-
petitive than a buffered aqueous or even physiological solu-
tion.


Results and Discussion


Dendrimer Synthesis


The conventional synthesis of higher oligomers proved prob-
lematic, because even with dialkylphosphonate protecting
groups, the products are water-soluble and cannot undergo
chromatography over silica gel or reverse phases (RPs). Fur-
thermore, a stepwise and therefore nonconvergent construc-


Figure 1. a) Top: Monomeric bisphosphonate 1 binding to the lysine side chain in its peptidic environment. Bottom: Schematic illustration of the
ACHTUNGTRENNUNGmultiplication of this binding event by covalent oligomerization. b) Lewis structures of dimeric and trimeric bisphosphonate 2 and 3 depicted on the ACHTUNGTRENNUNGleft
in the same conformation as in their corresponding 1:1 complexes with di- and triarginine on the right, calculated with MacroModel 7.0
(Amber*, water, Monte Carlo simulation, 2000 steps). �P =methylphosphonate monolithium salt.
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tion of large molecules suffers from a clear disadvantage in
synthesis economy. These difficulties can be circumvented
by starting from dendrimer cores and simultaneously attach-
ing binding sites to their periphery.[20] Polypropyleneimine
(PPI) dendrimers are commercially available in various gen-
erations and offer a similar number of bridging atoms be-
tween their amine end groups as 2 and 3. Moreover, initial
modeling experiments suggest that in spite of their dendritic
nature, almost every binding site can find its arginine coun-
terpart on a flat surface, such as that of a protein.[21] An
ideal solution would directly furnish the free phosphonate
salts in quantitative yield. However, to date, few organic re-
actions are known that involve multiply charged ionic spe-
cies in highly polar solution. Kiessling and co-workers devel-
oped the Staudinger reaction for native chemical peptide li-
gation,[22] von Kiedrowski and co-workers used acylhydra-
zone formation for the construction of DNA hybrids,[23] and
Sharpless and co-workers obtained covalent modifications
of biomolecules in living systems with “click chemistry”.[24]


With the PPI dendrimer polyamines at hand, we examined a
multiple reductive-amination sequence (Figure 2).[25]


To this end, a bisphosphonate benzaldehyde derivative
was prepared and bisdealkylated with LiBr to the corre-
sponding dilithium salt.[26] This building block was dissolved
in methanol and reacted in a 1:1 ratio with each amine end
group of the dendrimer. Subsequent NaBH4 addition in the
same pot converted the unstable Schiff base into the stable
benzylamine (Figure 3a).[27] Its 1H and 31P NMR spectra dis-
played a clean set of slightly broadened signals, confirming
quantitative conversion of the imine intermediate into the
desired reduced state (Figure 3b).[28]


To remove excess borate salts, the respective bis ACHTUNGTRENNUNGphos-
ACHTUNGTRENNUNGphonate tetramer 4, octamer 5, and hexadecamer 6 were
also purified by RP-HPLC and characterized by MALDI-
TOF MS. The three dendrimeric host generations obtained
were not monodisperse, but consisted of oligomer families
with a high degree of phosphorylation (e.g., the octamer
contained 5–8 mers).[29] They were all very soluble in water.


Dendrimer Characterization


An important question remained to be answered with refer-
ence to the receptor structure in buffered aqueous solution:
Will the charged amine core of the zwitterionic dendrimers
attract the bisphosphonate binding sites and eventually lead
to an inner collapse, also known as backfolding?[30] Extend-
ed Monte Carlo simulations with MacroModel suggested an
open structure without significant intramolecular salt
bridges;[31] dilution experiments did not indicate any self-as-
sociation processes. If this is correct, the spherical diameter
of each dendrimer generation must reflect the calculated
monomer size, irrespective of the surrounding pH.[32] Zwit-
terionic dendrimers are known to adopt an extended confor-
mation with a maximal hydrodynamic volume, both at very
low and very high pH values. The reason is electrostatic re-
pulsion of all positive charges, in our case in the inner
amine core, or all negative ones in the phosphonate periph-
ery. At neutral pH, however, a potential inner collapse will
lead to a densely packed species with a markedly reduced
volume. It should be emphasized, however, that PPI den-
drimers similar to all dendrimers containing aliphatic terti-
ary amines have markedly a decreased R3N pKa value of
5.9; at neutral pH, half of them are protonated, whereas the
secondary peripheral ammonium groups are still strongly
basic and hence fully protonated (pKa�9).[33] This amounts
to a total charge of �3, �5, and �9 for 4, 5, and 6, respec-
tively. We determined the hydrodynamic volume of 3 at
three different protonation states with NMR diffusion meas-
urements (Figure 4).[34] In a typical PFG-LED (pulsed field
gradient longitudinal eddy current delay) experiment, a
value of 14.5 R was determined for the dendrimer radius in
neutral medium (Table 1), in good agreement with the cal-
culated value (14.9 R). Transition to pH 2 or pH 10 only led
to minute changes (d=14.3 and 14.7 R), indicating that
indeed no backfolding occurs in the zwitterionic dendrimer.
As an important consequence, all bisphosphonate moieties
are available for protein recognition. This result was inde-
pendently reached by Monte Carlo simulations of the octa-


Figure 2. Synthesis of the ionic bisphosphonate building block and subsequent one-pot reaction with the first-generation PPI core by a multiple reductive
amination sequence. Yields: a) 98%; b) 81%; c) 60%; d) 95%; e) 95%; f) 92%; g) 99%; h) 98%. The octamer and hexadecamer were prepared by the
same route in comparable yield.
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mer at the three corresponding protonation states
(Figure 4).


Binding Studies


Diffusion Measurements


As tight complex formation between a small ligand and a
large target molecule drastically lowers the diffusion veloci-
ty of the ligand, PFG-LED measurements can also be used
to determine association constants (Table 2).[35] However,


Figure 3. a) Lewis structures of 5 (octamer) and 6 (hexadecamer). b) 31P
and 1H NMR spectra of the crude octameric bisphosphonate (400 MHz,
D2O).


Figure 4. a) Potential inner collapse of zwitterionic dendrimers such as 5
at neutral pH due to electrostatic attraction between phosphonate anions
and secondary ammonium groups. b) However, the dendrimer radii, de-
termined by PFG-LED, are almost pH-independent. Confirmation comes
from Monte Carlo simulations with the fully protonated, the zwitterionic
(shown in a)), and the fully deprotonated octamer.


Table 1. Diffusion coefficient D0 and measured as well as calculated
ACHTUNGTRENNUNGhydrodynamic radius Rh of octamer 5 at different pH values.


pH D0 [10
�10 m2 s�1] Rh [R][a] Rh calcd [R][b]


2.3 1.69 14.5 (1): �14.4
5.5 1.66 14.8 �14.4
6.8 1.62 15.3 (2): �13.7
7.4 1.60 15.4 �13.7
8.7 1.57 15.6 (3): �14.1
9.9 1.54 16.0 �14.1


[a] Hydrodynamic radius. [b] Calculated by molecular modeling. Three
structures were modeled: fully protonated (1), deprotonated phospho-
nates and protonated amines (2), and fully deprotonated (3).
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only the tetramer is small enough to produce a significant
difference in diffusion coefficient D compared to a basic
protein such as cytochrome c (Cyt c) (2 : D=2.895T
10�10 m2s�1; free Cyt c : D=1.662T10�10 m2s�1). Its KD


values with various proteins in neutral phosphate buffer are
typically in the millimolar range. Thus, the induced decelera-
tion of 4 on complex formation between both analytes was
calculated to be equivalent to a Ka value of about 3400m�1


(10 mm NaH2PO4, 1 mm Cyt c, pI 9.5, 12 kD; Table 3). Less-


basic chymotrypsin (pI 8.0) gives a Ka value of 1600m�1.
Bovine serum albumin (BSA) contains many more-acidic
amino acids (pI 6.0), but also is much larger in size (82 kD)
and carries several basic domains on its surface, so that in
principle several dendrimers can bind at the same time. In
this case, PFG-LED estimates a binding constant of
2400m�1, assuming a 3:1 stoichiometry.[36]


UV/Vis Titrations


Unfortunately, the same experiments cannot be carried out
with the higher oligomers, because their hydrodynamic
volume approaches that of the proteins and leads to large
intrinsic errors. However, Cyt c carries its porphyrin mole-
cule buried directly beneath the protein surface and sur-
rounded by eight lysines (Figure 5). A tight ionic dendrimer
cap can be predicted to influence the absorption behavior of
this chromophore, thus rendering the whole protein mole-
cule sensitive to a UV/Vis titration experiment.[37] This was
indeed the case, although small absolute changes and large
data scattering qualifies the obtained data as mere estimates


of Ka. For clarity and a better comparison, association con-
stants were initially calculated for each single binding step,
assuming no cooperativity. Thus, a 1:2 complex between pro-
tein and dendrimer was always calculated as if two 1:1 bind-
ing events were happening consecutively, with identical af-
finities for both equilibria. In spite of their approximate
character, the respective Ka values clearly reveal a steadily
rising binding affinity towards Cyt c from the tetramer (5T
103m�1; 2:1) to the octamer (1T104m�1; 2:1) and hexadeca-
ACHTUNGTRENNUNGmer (6T104m�1; 1:1), thus confirming the validity of the mul-
tivalency concept.


Fluorescence Titrations on Labeled Proteins


To extend the scope of our new protein binders to any de-
sired protein, we had to overcome the limitation of a natural
built-in chromophore. To this end, we incorporated a fluo-
rescent label (OregonGreen[38] or fluorescein) in several in-
teresting proteins of varying pI and surface structure. Ore-
gonGreen is known to address selectively the N terminus of
a given protein at pH 8.4 with minimal change in protein
tertiary structure and virtually no concomitant loss in activi-
ty. We introduced this label into proteins with pI values be-
tween 6 and 10.5 and purified the singly labeled targets by
gel permeation chromatography (GPC). The resulting
strongly fluorescent protein derivatives were incubated with
increasing amounts of the dendrimer binders and examined
at the intensity maximum of their fluorescence emission
(Figure 6). In several cases, the fluorescence intensity rose
significantly and produced a saturation curve, from which
protein affinities could be derived. Approximate Ka values
were thus determined from fluorescence titrations at 10�5m
concentrations in NaH2PO4 buffer (10�2m) (data not
shown). In general, transition from a dendrimer generation
to the one higher leads to a significant increase in Ka of
roughly one order of magnitude, now reaching 4T105m�1 for
the most efficient pair, 5/chymotrypsin. Unfortunately, the


Table 3. Binding affinities and complex stoichiometries for various
ACHTUNGTRENNUNGproteins and the tetrameric bisphosphonate dendrimer according to
ACHTUNGTRENNUNGPFG-LED measurements in aqueous buffer (1 mm protein in ACHTUNGTRENNUNG10 mm


NaH2PO4).


Protein pI Stoichiometry Ka (each
step) [m�1]


cytochrome c 9.5 2:1 3400
chymotrypsin 8.0 1:1 1600
BSA 6.0 3:1 2400


Table 2. Diffusion coefficients (D) and dissociation (Kd) and association
(Ka) constants for complex formation between tetramer 4 and various
proteins.


Sample D
[10�10 m2 s�1]


Kd calcd


ACHTUNGTRENNUNG[10�4 m]
Ka


ACHTUNGTRENNUNG[m�1]


free Cyt c 1.662
free BP tetramer 2.895
complex Cyt c/tetramer 2.759 2.92 3424[a]


free chymotrypsin 1.482
complex chymotrypsin/tetramer 2.565 6.42 1560[b]


free BSA 0.633
complex BSA/tetramer 2.591 2.24 2360[c]


[a] 2:1 stoichiometry according to UV/Vis measurements. [b] Unknown
stoichiometry, therefore assumed as 1:1. [c] 3:1 stoichiometry according
to the fluorescence measurements. BP=bisphosphonate dilithium salt.


Figure 5. Minimized 1:1 complex between cytochrome c (C: grey, O:
red, N: blue, lysines around the active site: blue) and the hexadecamer
dendrimer (yellow; SYBYL 6.9, MMFF94). Left: side view. Right: top
view (protein with transparent Connolly surface and buried heme group
in red, arrow).
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changes in fluorescence intensity were in most cases very
small, thus precluding an exact quantitative evaluation. A
possible explanation is the location of the N terminus in
these proteins: if the fluorescence label is attached far from
the basic domain, the dendrimer will also bind remotely
from the label and fail to give a fluorescence signal.


Fluorescence Titrations on Labeled Denrimers


The changes in fluorescence emission intensity became
much more impressive when the dendrimer itself was tagged
with a single fluorescein label (5a ; Figures 7 and 8). For
most proteins with pI values above 7, binding isotherms
could be fitted to a 1:1 or 1:2 binding model; the corre-
sponding Ka values, which were again calculated for each in-
dividual binding step, roughly follow the pI scale, spanning
almost three orders of magnitude. Dissociation constants
dropped in some cases to the micromolar regime, especially
with small lysine-rich proteins carrying surface-exposed aro-


Figure 6. a) Diagram detailing the principle of the fluorescence assay: an
octamer dendrimer (yellow) caps the active site of Cyt c, leading to inter-
ference with the fluorescence label (green) located in its vicinity. b) Fluo-
rescence curves obtained during a titration of OregonGreen-labeled BSA
with the octameric bisphosphonate.


Figure 7. Structure of the fluorescein-labeled octametric bisphosponate
5a.


Figure 8. a) Typical fluorescence titration curve obtained from complex
formation between fluorescein-labeled 5a with histone H1. b) Diagram
showing the repulsive guanidinium/ammonium interaction preventing for-
mation of the p-cation-stabilized arginine–bisphosphonate complex
within the dendrimer. c) Highest density of basic residues on a Connolly
surface for histone and lysozyme. The estimated contact area of the hexa-
decamer dendrimer is depicted in red. Note that histone is lysine-rich,
whereas in lysozyme, arginines prevail.
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matic residues (histone H1, trypsin; Table 4). Arginine-rich
lysozyme, proteinase K, as well as arginine-rich histone H3
produced surprisingly low Ka values, in sharp contrast to the
marked arginine selectivity in related polymeric protein
hosts. A possible explanation for this unprecedented poten-
tial lysine selectivity involves unfavorable Coulomb repul-
sion between the approaching guanidinium cation of argi-


nine and the unique secondary benzylammonium group,
which is present only in the dendrimers owing to the reduc-
tive amination step (Figure 8b).[39] Importantly, the stoichio-
metries determined by means of Job plots for the octamer
and hexadecamer and basic proteins were all 1:1 or 1:2, with
the exception of large hemoglobin accomodating two den-
drimer molecules. The stoichiometries depend mainly on the
size of the protein surface and the density of the basic
amino acid residues. Thus, it seems highly probable that the
dendrimers search for domains of high positive surface
charge to exploit multivalent electrostatic attaction. In three
cases (histone H3, proteinase K, BSA), one dendrimer could
hold two protein molecules; this is surprising, especially in
view of the considerable protein size of BSA, but may be
connected with local basic domains of high surface charge.
Separate calculation of both association constants[40] reveals
a distinct preference for the first binding event (negative co-
operativity), most likely due to mutual electrostatic repul-
sion between both protein guests in the second binding step.
The results are summarized in Table 5.


Transition from the octamer 5a to the much larger hexa-
decamer 6a does not lead to a drastic increase in affinity. In
some cases, Ka values were even smaller (histone H3, Arg4;
Table 4), or no effect was observed on protein addition to
the hexadecamer (Cyt c, lysozyme; Table 4). Assuming a
globular dendrimer topology for both 5a and 6a, the hexa-
decamer is clearly more rigid, thus rendering its induced fit


onto a flat protein surface more
problematic and limiting its
total contact area (Figure 8c).
Another factor that contrib-


utes to enhanced protein affinity
seems to be the additional hy-
drophobic interaction between
the extended p face of the fluo-
rescein label and aromatic resi-
dues on the protein surface
(trypsin: 104m�1 unlabeled den-
drimer vs. 3T105m�1 labeled
dendrimer). The appropriate
choice of buffer can add to this;
for instance, a change from
phosphate to Hepes buffer in-
creased the Ka values by anoth-
er order of magnitude (trypsin:
3T105m�1 phosphate buffer vs.
106m�1 Hepes buffer). Remarka-
bly, even physiological salt loads
(150 mm NaCl) do not decrease


protein affinities (trypsin: 2T106m�1). Finally, a close inspec-
tion of EPS (electrostatic potential surface) patterns now
offers a plausible explanation for the sensitive discrimina-
tion ability between proteins of similar pI and size. Only a
fraction of the surfaces of both the dendrimer and the pro-
tein (roughly globular) is available for close intermolecular
contact. For efficient binding, it is therefore mandatory to
ensure a high local density of basic amino acids within this
critical cross-section. This is especially true for the relatively
small octamer; its contact area is about 8 R wide. Conse-
quently, arginine residues on the surface of lysozymes, which
are on average 12 R apart from each other, cannot be simul-
taneously covered by the same ligand. By contrast, histone
is densely packed with lysines, and trypsin has a pronounced
basic domain at its N terminal, which is ideally suited for
multivalent dendrimer docking. We believe that a favorable
combination of the factors detailed above inevitably leads to
efficient and selective protein surface recognition by bi-
sphosphonate dendrimers. Trypsin, for example, is bound
over a hundred times more tightly than lysozyme or hemo-
globin, in spite of its lower pI.
Basic peptides are also strongly bound by 5a and 6a


(Table 4, last two rows). Even small Arg4 almost reaches mi-
cromolar affinity in buffer towards the octamer.[41] This find-
ing holds strong promise for immobilization of dendrimers
on solid support for a potential development of new affinity
chromatography material for Arg-tagged recombinant pro-
teins. Preliminary experiments along these lines revealed


Table 4. Association constants and stoichiometries for complex formation between fluorescein-labeled
ACHTUNGTRENNUNGdendrimers 5a, 6a, and native proteins of varying pI and size, according to fluorescence titrations in ACHTUNGTRENNUNGbuffered
aqueous solution at 25 8C (10 mm protein in 10 mm Hepes buffer).


Proteins and peptides Octamer 5a Hexadecamer 6a
Protein pI MW


[K]
Arom
[%][a]


Lys/Arg[a] Ka


ACHTUNGTRENNUNG[M�1][b]
Ratio Ka


ACHTUNGTRENNUNG[M�1][b]
Ratio[c]


histone H1 10.4 22 3.3 17:12 1T106 1:1 –
histone H3 11.5 15 3.3 13:18 1T105 1:2 2T104 1:2
Cyt c 9.2 12 2.5 16:2 2T104 1:1 no effect –
lysozyme 9.1 14 5.5 7:11 8T103 1:1 no effect –
hemoglobin 8.8 31 5.8 48:9 7T103 2:1 – –
trypsin 8.3 22 5.7 14:2 1T106 1:1 2T106 1:1
chymotrypsin 8.2 25 3.9 6:8 no effect – 5T105 1:1
proteinase K 7.7 29 8.7 7:9 7T104 1:2 – –
BSA 5.8 66 4.0 41:22 – – 3T104 1:2
ovalbumin 5.3 44 2.0 66:38 no effect – – –
carbohydrate anhydrase 4.5 50 4.4 37:14 no effect – – –
Lys4 9.5 0.9 0 4:0 6T104 1:1 2T105 1:1
Arg4 12.0 1.2 0 0:4 6T105 1:1 1T105 1:1


[a] The percentage of aromatic contact area and the numbers of lysine and arginine residues on the protein
surface were calculated with the atomic volume analysis option in the software PROVE. [b] Triple Ka determi-
nations in selected cases produced experimental errors below 30%. [c] Dendrimer/protein ratio.


Table 5. Binding constants calculated separately for three proteins
ACHTUNGTRENNUNGinvolved in 1:2 complexes.


Protein Dendrimer K1 [M�1] K2 [M�1]


Histone H3 3a 1.4T105 4.2T103


Histone H3 4a 4.8T105 1.5T103


Proteinase K 3a 1.8T105 1.2T103


BSA 4a 6.9T104 5.1T103
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that a basic overexpressed protein can be enriched from its
cell lysate by a single chromatography step over a sepharose
resin carrying 5a.


Conclusions


We have shown that single binding events, which are hard to
detect in aqueous solution, can be gradually reinforced and
multiplied into potent artificial hosts for biomacromolecules.
If an increasing number of individual weak-binding sites for
amino acid residues on protein surfaces are interconnected
with flexible spacers, suitable complementary protein surfa-
ces are ultimately bound in highly efficient 1:1 complexes,
even in buffer with physiological salt concentrations ten
thousand times higher. In our case, a weak lysine and argi-
nine binder (Ka in pure water <10m�1) was turned into a
powerful receptor for basic proteins (KD for 6a and his-
ACHTUNGTRENNUNGtone H1<250 nm). Remarkably, even the octameric dendri-
mer forms strong complexes with small basic peptides.
These new artificial protein receptors are therefore promis-
ing candidates for protein purification through Arg tags and
potential molecular switches to turn protein function on and
off.


Experimental Section


General Remarks


All reagents were purchased at the highest commercial grade and used as
supplied. 3,5-bis(bromomethyl)benzaldehyde[1] , benzene-1,3,5-tricarbox-
ylic acid-tris[(2-ammonium-ethyl)amide]tristrifluoroacetate,[2] and 3,5-
bis(dimethoxyphosphinylmethyl)benzoic acid[3] were prepared as de-
scribed in the literature. All solvents were freshly distilled. The following
anhydrous solvents were distilled from their drying agents: acetonitrile
(calcium chloride), dichloromethane (calcium hydride), and methanol
(magnesium).


Reactions were monitored by thin layer chromatography (TLC) with
Merck silica-gel 60 F254 plates. Silica gel 60 for flash chromatography
(230–400 mesh) was supplied by Merck. HPLC was performed on a
Merck–Hitachi system with an L-7150 analytical pump, a K-1800 prepa-
rative pump, an L-7400 or K-2501 UV detector, and an L-7614 solvent
degasser. Yields refer to chromatographically and spectroscopically pure
compounds unless otherwise noted.


Melting points were determined on a Kofler Thermophan apparatus
from Reichert and are uncorrected. 1H and 13C NMR spectra were re-
corded at 300 K on a Bruker Avance AMX 300, DRX 400, or DRX 500
spectrometer. 31P NMR spectra were recorded on a Bruker Avance
ARX 200 spectrometer. Chemical shifts are reported as d values in ppm
relative to tetramethylsilane as an internal standard; multiplicities are in-
dicated by s (singlet), d (doublet), t (triplet), m (multiplet), and br
(broad). 13C NMR spectra are broadband decoupled and calibrated on
the particular solvent signal. Low- and high-resolution electronic ionisa-
tion (EI) mass spectra were measured on a MAT 711 Finnigan spectrom-
eter, low- and high-resolution electron spray ionisation (ESI) mass spec-
tra were recorded on a MAT 95 S Finnigan spectrometer. Samples
(20 mL) were introduced as 10�7m solutions in HPLC-grade methanol at
flow rates of 20 mLmin�1. Heated capillary temperature: 150 8C. Ion
spray potential: 3.5 kV (positive ESI), 3.0 kV (negative ESI). About 20–
30 scans were averaged to improve the signal-to-noise ratio.


UV/Vis experiments were performed on a U-3410 spectrophotometer
from Hitachi in Helma cuvettes with 0.2 mm inner diameter.


Fluorescence experiments were performed on a Jasco FP-6500 spectrom-
eter with a stirring unit and a Haake water-temperating unit.


Syntheses


3,5-Bis(diethoxyphosphinylmethyl)benzoic acid ethyl ester: A solution of
3,5-dimethylbenzoic acid (12.0 g, 80 mmol, 1.0 equiv) in tetrachlorome-
thane (250 mL) with N-bromosuccinimide (30.0 g, 168 mmol, 1.1 equiv)
and a catalytic amount of a,a’-azobisisobutyronitrile was heated at reflux
for 4 h. The insoluble succinimide was filtered off, and the solvent was re-
moved in vacuo. The remaining solid was dissolved in an excess of tri-
ethylphosphite (200 mL, 1.3 mol, �16 equiv), and the solution was
heated at reflux for 5 h. The remaining solvent was removed in vacuo,
and the resulting oil was purified by chromatography over silica with di-
chloromethane/methanol (19:1; Rf=0.49). Yield: 4.9 g (11 mmol, 14%).
1H NMR (300 MHz, CDCl3): d=7.77 (s, 2H), 7.35 (s, 1H), 7.53 (m, 1H),
4.26 (q, 3JH,H=7.0 Hz, 2H), 3.89–3.99 (m, 8H), 3.08 (d, 2JH,P=21.9 Hz,
4H), 1.29 (t, 3JH,H=7.0 Hz, 3H), 1.16 ppm (t, 3JH,H=7.0 Hz, 12H);
13C NMR (75 MHz, CDCl3): d=165.9, 135.3–135.5 (m), 132.3–132.4 (m),
130.8–130.9 (m), 129.2–127.4 (m), 60.9–62.1 (m), 60.9, 33.3 (d, 1JC,P=
138.4 Hz), 16.2–16.3 (m), 14.2 ppm; 31P{1H} NMR (81 MHz, CDCl3): d=
26.5 ppm (s).


3,5-Bis(diethoxyphosphinylmethyl)benzoic acid: 3,5-Bis(diethoxyphosphi-
nylmethyl)benzoic acid ethyl ester (4.9 g, 10.8 mmol, 1 equiv) was dis-
solved in a mixture of methanol, tetrahydrofuran, and water (2:2:1 v/v/v),
and the solution was cooled to 0 8C. Lithium hydroxide (520 mg,
21.5 mmol, 2 equiv) was added, and the solution was stirred for 7 h at
0 8C. The solvents were removed in vacuo, and the remaining solid was
purified by chromatography over silica with dichloromethane/methanol
(8:1; Rf=0.28). Yield: 1.0 g (2.4 mmol, 23%). M.p.: 109 8C; 1H NMR
(300 MHz, CDCl3): d=7.77 (d, 4JH,P=2.0 Hz, 2H), 7.40 (s, 1H), 3.94–4.09
(m, 8H) 3.18 (d, 2JH,P=22.0 Hz, 4H), 1.23 ppm (t, 3JH,H=7.0 Hz, 3H);
13C NMR (75 MHz, CDCl3): d=168.1, 135.2–135.4 (m), 132.0–132.1 (m),
131.6–131.7 (m), 130.1–130.2 (m), 62.6–62.7 (m), 33.4 (d, 1JC,P=138.4 Hz),
16.3–16.4 ppm (m); 31P{1H} NMR (81 MHz, CDCl3): d=26.6 ppm (s).


8-[3,5-Bis(dimethoxyphosphinylmethyl)benzoylamino]octyl-3,5-bis(dime-
thoxyphosphi-nylmethyl)benzamide: A solution of 3,5-bis(dimethoxy-
phosphonylmethyl)benzoic acid (250 mg, 0.68 mmol, 2.2 equiv) in anhy-
drous dichloromethane was treated with N-methyl-2-chloropyridiniumio-
dide (174 mg, 0.68 mmol, 2.2 equiv) and triethylamine (260 mL,
1.86 mmol, 6 equiv). The solution was stirred at ambient temperature for
10 min. 1,8-diaminooctane (45 mg, 0.31 mmol, 1 equiv) was then added,
and the solution was stirred for 2 h. The solution was washed three times
with acetic acid (1n, 50 mL), saturated sodium hydrogencarbonate
(50 mL), and water (50 mL). The organic phase was dried over magnesi-
um sulfate and evaporated under reduced pressure. The crude product
was purified by chromatography over silica with dichloromethane/metha-
nol (19:1; Rf=0.01). Yield: 14 mg (0.17 mmol, 55%). 1H NMR
(200 MHz, CDCl3): d=7.59 (s, 2H), 7.31 (s, 1H), 6.92 (t, 3JH,H=5.5 Hz,
2H), 3.65 (d, 3JH,P=10.8 Hz, 24H), 3.37 (m, 4H), 3.15 (d, 2JH,P=21.7 Hz,
8H), 1.55–1.61 (m, 4H), 1.33 ppm (br, 8H); 13C NMR (50 MHz, CDCl3):
166.9, 135.8–135.9 (m), 133.4–133.7 (m), 131.8–132.1 (m), 127.1–127.3
(m), 52.8–53.0 (m), 40.0, 32.3, 29.3, 29.0, 26.8 ppm; 31P{1H} NMR
(81 MHz, CDCl3): d=28.7 ppm (s); HRMS (ESI) (pos., MeOH): m/z
calcd: 840.2682 [M+H]+ ; found: 841.275.


2 : A solution of 8-[3,5-Bis(dimethoxyphosphinylmethyl)benzoylami-
no]octyl-3,5-bis(dimethoxyphosphinylmethyl)benzamide (70 mg, 83 mmol,
1 equiv) in anhydrous acetonitrile was heated at reflux with lithium bro-
mide (32 mg, 0.37 mmol, 4.4 equiv) for 3 days. The resulting solid was fil-
tered off and washed several times with acetonitrile. Yield: 54 mg
(0.06 mmol, 80%). M.p.: >350 8C; 1H NMR (200 MHz, D2O): d=7.39 (s,
2H), 7.29 (s, 1H), 3.47 (d, 3JH,P=10.5 Hz, 12H), 3.31 (t, 3JH,H=6.3 Hz,
4H), 3.03 (d, 2JH,P=20.5 Hz, 8H), 1.56 (br, 4H), 1.31 ppm (br, 8H);
13C NMR (75 MHz, D2O): d=168.6, 135.9–136.1 (m), 134.9–135.0 (m),
134.3–134.9 (m), 126.2–126.5 (m), 52.2–52.3 (m), 40.5, 33.8, 28.8,
26.6 ppm; 31P{1H} NMR (81 MHz, D2O): d=26.6 ppm (s); HRMS (ESI)
(pos., MeOH): m/z calcd: 803.1643 [M+Na]+ ; found: 803.5320.


Benzene-1,3,5-tricarboxylic acid trisACHTUNGTRENNUNG[3,5-bis(diethoxyphosphinylmethyl)-
benzoylaminoethyl]amide: A solution of 3,5-bis(diethoxyphosphinylme-


Chem. Asian J. 2006, 1, 544 – 554 K 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 551


Multivalent Protein Surface Binding







thyl)benzoic acid (206 mg, 0.49 mmol, 3.3 equiv) in anhydrous acetoni-
trile (50 mL) was treated with N-methyl-2-chloropyridiniumiodide
(136 mg, 0.53 mmol, 3.6 equiv) and triethylamine (300 mL, 2.21 mmol,
15 equiv). After 5 min, benzene-1,3,5-tricarboxylic acid tris[(2-am-
moniumethyl)amide]tristrifluoroacetate[2] (100 mg, 0.15 mmol, 1.0 equiv)
was added, and the mixture was stirred at ambient temperature for 24 h.
After removal of the solvent in vacuo, the remaining crude product was
purified over deactivated silica (activity level 5, 20% water) with ethyl
acetate/methanol (2:1; Rf=0.11). Yield: 110 mg (0.07 mmol, 48%).
1H NMR (200 MHz, CDCl3): d=8.43–8.46 (m, 6H), 8.31 (s, 3H), 7.63 (d,
4JH,P=2.0 Hz, 6H), 7.22 (s, 3H), 3.84–3.99 (m, 24H), 3.52 (br, 12H), 3.09
(d, 2JH,P=22.9 Hz, 12H), 1.14 ppm (t, 3JH,H=7.0 Hz, 36H); 13C NMR
(75 MHz, CDCl3): d=167.6, 167.5, 134.9–135.0 (m), 134.5, 133.9–134.0
(m), 132.2–132.3 (m), 129.5, 127.5–127.7 (m), 62.6 (d, 1JC,P=137.3 Hz),
41.1, 40.1, 33.0, 16.1 ppm; 31P{1H} NMR (81 MHz, CDCl3): d=26.4 ppm
(s). HRMS (ESI) (pos., MeOH): m/z calcd: 1571.5271 [M+Na]+ ; found:
1571.3832.


3 : A solution of benzene-1,3,5-tricarboxylic acid tris ACHTUNGTRENNUNG[3,5-bis(diethoxy-
phosphinylmethyl)benzoylaminoethyl]amide (110 mg, 71 mmol, 1.0 equiv)
in anhydrous acetonitrile (15 mL) was treated with lithium bromide
(41 mg, 469 mmol, 6.6 equiv) and heated at reflux for 7 days. The solid
precipitated was filtered off and washed several times with acetonitrile.
Yield: 60 mg (42 mmol, 60%). M.p.: 315 8C; 1H NMR (300 MHz,
[D4]MeOH): d=8.46 (s, 3H), 7.56 (s, 6H), 7.36 (s, 3H), 3.74–3.83 (m,
12H), 3.61 (br, 12H), 2.95 (d, 2JH,P=20.5 Hz, 12H), 1.12 ppm (t, 3JH,H=


7.1 Hz, 18H); 13C NMR (75 MHz, [D4]MeOH): d=171.4, 169.0, 137.3–
137.5 (m), 136.6–136.7 (m), 135.7–135.9 (m), 135.2, 130.3, 127.0–127.2
(m), 61.3-61.4 (m), 40.9, 40.7, 36.0 (d, 1JC,P=129 Hz), 17.1–17.2 ppm (m);
31P{1H} NMR (81 MHz, [D4]MeOH): d=24.1 (s); HRMS (ESI) (neg.,
MeOH): m/z calcd: 689.1602 [M+4H+]2� ; found: 689.1570.


3,5-Bis(dimethoxyphosphinylmethyl)benzaldehyde: A solution of 3,5-
bis(bromomethyl)benzaldehyde[1] (700 mg, 2.4 mmol) in an excess of
pure trimethylphosphite (30 mL, 254 mmol) was heated at reflux for 4 h.
The solvent was removed in vacuo, and the remaining yellowish oil was
purified by chromatography on silica with dichloromethane/MeOH (20:1;
Rf=0.32). Yield: 770 mg (2.2 mmol, 92%). 1H NMR (200 MHz, CDCl3):
d=9.99 (s, 1H), 7.70 (m, 2H), 7.53 (m, 1H), 3.71 (d, 3JP,H=11.0 Hz,
12H), 3.23 ppm (d, 2JP,H=22.0 Hz, 4H); 13C NMR (75 MHz, CDCl3): d=
191.6, 136.9, 133.1, 131.9, 129.9, 129.6, 53.0 (d, 1JP,C=6.7 Hz), 32.3 ppm (d,
2JP,C=138.2 Hz); 31P{1H} NMR (81 MHz, CDCl3): d=28.2 ppm (s); ele-
mental analysis: calcd (%) for C13H20O7P2·1.5 H2O: C 41.39, H 6.14;
found: C 41.55, H 5.96.


3,5-Bis[(methoxyphosphonyl)methyl]benzaldehyde dilithium salt: A solu-
tion of 3,5-bis(dimethoxyphosphinylmethyl)benzaldehyde (1.0 g,
2.9 mmol, 1.0 eq) and dried lithium bromide (0.5 g, 5.8 mmol, 2.0 equiv)
in anhydrous acetonitrile (50 mL) was heated at reflux for 48 h under
argon atmosphere. The precipitate was filtered off and washed several
times with anhydrous acetonitrile. Yield: 870 mg (2.6 mmol, 90%).
1H NMR (200 MHz, [D4]MeOH): d=9.93 (s, 1H), 7.71 (m, 2H), 7.58 (m,
1H), 3.51 (d, 3JP,H=10.2 Hz, 6H), 3.05 ppm (d, 2JP,H=20.7 Hz, 4H);
13C NMR (75 MHz, D2O): d=196.9, 137.9 (t, 3JP,C=5.6 Hz), 136.5 (m),
129.3 (t, 3JP,C=4.5 Hz), 52.2 (d, 1JP,C=6.2 Hz), 33.6 ppm (d, 2JP,C=
128.1 Hz); 31P{1H} NMR (81 MHz, [D4]MeOH): d=25.2 ppm (s); elemen-
tal analysis: calcd (%) for C11H14Li2O7P2·1.5 H2O: C 36.59, H 4.75;
found: C 35.81, H 4.69.


General Procedure for the Synthesis of the Functionalized Dendrimers


A solution of 3,5-bis(methoxyphosphorylmethyl)benzaldehyde dilithium
salt (100 mg, 0.3 mmol, 1.0 equiv in relation to the free ammonium
groups of the PPI dendrimers) and the required PPI dendrimer (DAB-
Am 4: 25 mL, 75.0 mmol, 0.25 equiv; DAB-Am 8: 26 mg, 37.5 mmol,
0.125 equiv; DAB-Am 16: 28 mg, 18.8 mmol, 0.063 equiv) (diaminobutane
core dendrimer with 4, 8, and 16 amino groups, respectively) in anhy-
drous methanol (30 mL) were stirred under argon with molecular sieves
(3 R) at ambient temperature. After 72 h sodium borohydride (15 mg,
0,33 mmol, 1.1 equiv) was added, and the solution was stirred for another
24 h. The pulverized molecular sieves were filtered off, and the solvent
was removed in vacuo. The remaining solid was purified by HPLC on a


Nucleodur 00-5 CN-RP column with a gradient from 100% water (1%
trifluoroacetic acid (TFA)) to 100% acetonitrile (1% TFA) and charac-
terized as follows.


4 : 1H NMR (200 MHz, [D4]MeOH): d=7.13 (s, 12H), 3.81 (br s, 8H),
3.51 (d, 3JP,H=10.5 Hz, 24H), 3.00 (d, 2JP,H=20.5 Hz, 16H), 2.69 (br, 8H),
2.54 (br, 12H), 1.72 (br, 8H), 1.46 ppm (br, 4H); 31P{1H} NMR (81 MHz,
[D4]MeOH): d=27.47ppm; MS (MALDI-TOF): m/z : 1541.7 [Mprotonated


phosphonates+H]+ .


5 : 1H NMR (300 MHz, [D4]MeOH): d=7.16 (m, 16H), 7.11 (s, 8H), 3.69
(s, 16H), 3.50 (d, 3JP,H=10.2 Hz, 48H), 2.96 (d, 2JP,H=20.5 Hz, 32H), 2.61
(br, 16H), 2.48 (br, 36H), 1.71 (br, 24H), 1.47 ppm (br, 4H);
31P{1H} NMR (81 MHz, [D4]MeOH): d=26.24 pm; MS (MALDI-TOF):
m/z : 3321.7 [MLi salt+H]+ .


6 : 1H NMR (300 MHz, [D4]MeOH): d=7.13 (m, 48H), 3.72 (br, 32H),
3.50 (d, 3JP,H=10.2 Hz, 96H), 3.00 (d, 2JP,H=20.0 Hz, 64H), 2.34–2.73
(br, 116H), 1.68 (br, 56H), 1.29 ppm (br, 4H); 31P{1H} NMR
(81 MHz, [D4]MeOH): d=25.83; MS (MALDI-TOF): m/z : 3292.2
[Mprotonated phosphonates+2H]2+ .


5a : A mixture of PPI dendrimer (DAB-Am 8: 50 mg, 64.7 mmol,
1.0 equiv) in 2 mL water and fluorescein, activated as N-hydroxysuccini-
mide ester (40 mg, 84.5 mmol, 1.3 equiv) in DMSO (400 mL), was incubat-
ed for 4 h. The solvent was removed, and 3,5-bis(methoxyphosphorylme-
thyl)benzaldehyde dilithium salt (160 mg, 447 mmol, 7.0 equiv) was added
to the residue. The mixture was dissolved in anhydrous methanol
(40 mL) and stirred under argon with molecular sieves (3 R) at ambient
temperature. After 24 h, sodium borohydride (20 mg, 0.440 mmol,
6.8 equiv) was added, and the solution was stirred for another 24 h. The
pulverized molecular sieves were filtered off, and the solvent was re-
moved in vacuo. The remaining solid was purified by dialysis with water
for 4 days. Yield: 65 mg (19.3 mmol, 30%). 1H NMR (300 MHz, D2O):
d=7.21 (s, 21H), 4.14 (s, 12H), 3.54 (d, 3JP,H=10.2 Hz, 49H), 3.05 (d,
2JP,H=20.4 Hz, 48H), 2.83–2.88 (br, 14H), 2.56 (br, 42H), 1.65–1.86 (br,
42H), 1.52–1.60 ppm (br, 4H); 31P{1H} NMR (81 MHz, D2O): d=


23.60 ppm.


6a : A mixture of PPI dendrimer (DAB Am 16: 50 mg, 29.6 mmol,
1.0 equiv) in 2 mL water and fluorescein, activated as N-hydroxysuccini-
mide ester (14 mg, 29.1 mmol, 1.0 equiv) in DMSO (100 mL), was incubat-
ed for 4 h. The solvent was removed, and 3,5-bis(methoxyphosphorylme-
thyl)benzaldehyde dilithium salt (150 mg, 449 mmol, 15 equiv) was added
to the residue. The mixture was dissolved in anhydrous methanol
(40 mL) and stirred under argon with molecular sieves (3 R) at ambient
temperature. After 24 h, sodium borohydride (20 mg, 0.440 mmol,
15 equiv) was added, and the solution was stirred for another 24 h. The
pulverized molecular sieves were filtered off, and the solvent was re-
moved in vacuo. The remaining solid was purified by dialysis with water
for 4 days. Yield: 38 mg (5.56 mmol, 18%). 1H NMR (300 MHz, D2O):
d=7.20 (m, 45H), 4.11 (br, 30H), 3.54 (d, 3J


P,H
=7.4 Hz, 96H), 3.03 (d,


2JP,H=19.6 Hz, 106H), 2.34–2.73 (br, 192H), 1.60–1.88 (br, 97H),
1.57 ppm (br, 4H); 31P{1H} NMR (81 MHz, [D4]MeOH): d=23.98,
23.45 ppm.


LED-PFG-DSTE Measurements of the Modified Dendrimers


pH dependence of diffusion constants: The measurements were per-
formed on a Bruker Avance DRX 500 spectrometer in aqueous solution
at 298 K with suppression of the water signal by saturation. The corre-
sponding pulse program was the LED-PFG-DSTE (DSTE=double
stimulated echo) sequence developed by Jerschow and MXller[34b] with a
diffusion delay of 51 ms and a gradient length of 3 ms. Square shapes
were used for the gradients created by the Bruker program DOSY, and
the gradient strength was increased in 9 increments from 10% to 90% of
gmax=53.5 Gcm�1. Diffusion coefficients were determined by linear re-
gression fit in Origin to the Stejskal–Tanner plot.[5] Only the bisphospho-
nate-modified octamer was used for these measurements. The diffusion
coefficients presented Table 1 are corrected according to the viscosity
change followed with dioxane as internal standard.[6] The table shows the
average of at least three measurements. The calculated hydrodynamic
radii obtained through molecular-modeling calculations were compared
with the radii calculated by the Stokes–Einstein equation [Eq. (1)]:[7,8]
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r ¼ kBT
6phD0


ð1Þ


Association constants determined by measurement of the diffusion con-
stants: The measurements of the diffusion coefficients were similar to the
pH-dependent measurements above. For constant pH, the measurements
were performed in Na2HPO4/NaH2PO4 buffer (10 mm) at pH 7.1, and the
coefficients were corrected by measuring dioxane as an internal viscosity
standard. The binding constants were calculated according to Equa-
tion (2):[8]


Kd ¼ P0
Db �D0


D0 �Df


� �
þ L0


D0 �Db


Db �Df


� �
ð2Þ


where P0 is the concentration of the protein, L0 is the concentration of
the dendrimer (each in the range 0.5–1.0 mm), Db is the diffusion coeffi-
cient of the free protein, Df is the diffusion coefficient of the free dendri-
mer, and D0 is the average of the diffusion coefficients of the mixture.
Analogous to the NMR spectroscopic titrations above, the concentrations
of the host compound were multiplied to account for higher stoichiome-
tries determined in the fluorescence titrations (Table 2).


UV/Vis Experiments


All functionalized dendrimers were titrated against Cyt c, and the absorb-
ance at 409 nm (lmax of the porphyrine ring) was observed. Cyt c was dis-
solved (50 nm) in phosphate-buffered water (10 mm, pH 7.1). The den-
drimers were each dissolved in the solution of Cyt c to keep its concen-
tration constant during the whole titration. It was checked that there was
no measurable absorbance of the dendrimers at the observed wavelength.
The change in the absorbance during the titration was taken as the basis
for nonlinear regression methods to calculate the appropriate association
constants. The related complex stoichiometries were determined by Job
plots from the titration data and taken as the basis for the calculation of
the binding constants.


Fluorescence Experiments


Fluorescence titrations with fluorescent-labeled proteins: The fluores-
cence titrations were performed in general with OregonGreen 488-la-
beled proteins, those with chymotrypsin also with fluorescein-labeled
proteins. The active succinimidyl ester of OregonGreen 488 and the
active N-hydroxysuccinimide ester of fluorescein were purchased from
Molecular Probes and attached to the proteins according to the proce-
dures provided by them (pH 8.4, water). The resulting compounds were
purified by gel filtration on HiTrapTM desalting columns from Amersham
Biosciences on an YKTA prime fast protein liquid chromatography
(FPLC) system by Amersham Pharmacia Biotech with a flow rate of
1 mLmin�1. Na2HPO4/NaH2PO4 buffer (pH 7.1; 10 mm) containing NaCl
(100 mm) was used as eluent. The protein solutions were concentrated
and desalted by ultracentrifugation with Vivaspin MWCO PES filters
from Vivascience/Sartorius.


The labeled proteins were used in phosphate-buffered solutions (10 mm,
pH 7.1) in concentrations as stated in the Supporting Information. The
dendrimers were diluted in the protein solutions, so that there was no
change in the protein concentration during the titration. These solutions
(400 or 700 mL) were placed in the cuvettes, and the dendrimer solutions
(up to 300 mL) were added stepwise. The change in the emission intensity
was traced (see Supporting Information). The same curve-fitting proce-
dures as in the UV/Vis and NMR spectroscopic titrations were used to
calculate the binding constants.


Fluorescence titrations with fluorescent-labeled dendrimers: These fluo-
rescence titrations were performed with fluorescein-labeled 5a and 6a.
Fluorescein, activated as the N-hydroxysuccinimide ester, was purchased
from Molecular Probes and attached to the dendrimers as described in
the synthesis section.


The labeled dendrimers were used in Hepes-buffered solutions (10 mm,
pH 7.0) in concentrations as stated in the Supporting Information. In
some cases, to reveal the effect of different buffers, the Hepes buffer was


replaced by sodium phosphate buffer (10 mm, pH 7.1) or treated with
sodium chloride (150 mm) (see Supporting Information).


Prior to the titrations, proteins were dissolved in dendrimer solutions of
constant concentration, so that there was no change in the total dendri-
mer concentration during the titration. These solutions (400 mL) were
placed in the cuvettes, and the protein solutions (100–700 mL) were
added stepwise. The change in the emission intensity was traced (see
Supporting Information). The same curve-fitting procedures as those
used in the fluorescence titrations with labelled proteins were used to cal-
culate the binding constants.
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Design of Dual-Emission Chemosensors for Ratiometric Detection of ATP
Derivatives


Akio Ojida,[a] Yoshifumi Miyahara,[a] Jirarut Wongkongkatep,[a] Shun-ichi Tamaru,[a]


Kazuki Sada,[b] and Itaru Hamachi*[a]


Introduction


Nucleoside pyrophosphate (nucleoside PP) derivatives are
widespread in living cells and play pivotal roles in various
biological events.[1] All cells maintain a high intracellular
concentration of ATP, which acts as a ubiquitous energy
source for various metabolic cycles in all tissues. Further-
more, nucleoside PPs are involved in many enzymatic pro-
cesses as reactive substrates. For example, ATP serves as a
phosphate donor in kinase-catalyzed protein phosphoryla-
tion, and UDP glycosides are used as substrates in many gly-
cosylation processes catalyzed by glycosyltransferases. Be-
sides these fundamental intracellular roles, nucleoside PPs


such as ATP, ADP, and a variety of diadenosine polyphos-
phates also play important extracelluar roles as signaling
substances.[2] In particular, extracellular ATP released from
the cell membrane mediates many cell-to-cell signals in a
large variety of physiological and pathological conditions.
Therefore, considerable effort has been devoted to the de-
velopment of rapid and convenient determination systems
for nucleoside PP derivatives. These include a luciferin–luci-
ferase bioluminescence assay, an electrochemical sensor cou-
pled with sequential enzyme reactions, biosensors that use
the patch–clamp technique, and so on.[3] Alternatively, fluo-
rescence detection with a small molecule-based chemosen-
sor has great promise for biological assays, including those
for the production or metabolism of nucleoside PPs. This is
a straightforward technique with high sensitivity and rapid
response, which promises real-time detection of nucleoside
PPs under various biological conditions without special
skills or instruments. Owing to the overall benefits of fluo-
rescence detection, there has been great interest in develop-
ing a selective fluorescent chemosensor for PP derivatives.[4]


However, despite the many artificial receptors or chemosen-
sors for phosphate species developed for molecular recogni-
tion, a limited number work efficiently in aqueous condi-
tions, and few bioanalytical applications have been reported
so far.[5,6]


In fluorescence detection, ratiometric sensing has several
advantages, including enhanced dynamic range, precise cor-
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spread in living cells and play pivotal
roles in various biological events. We
report novel fluorescence chemosen-
sors for nucleoside PPs that make use
of coordination chemistry. The chemo-
sensors, which contain two ZnII–dipico-
lylamine units, bind strongly to nucleo-
side PPs (Kapp>106


m
�1) in aqueous so-


lution and sense them by a dual-emis-


sion change. Detailed fluorescence and
UV/Vis spectral studies revealed that
the emission changes of the chemosen-
sors upon binding to nucleoside PPs
can be ascribed to the loss of coordina-
tion between ZnII and the acridine


fluo ACHTUNGTRENNUNGrophore. This is a unique sensing
system based on the anion-induced re-
arrangement of the coordination. Fur-
thermore, we demonstrated the utility
of these chemosensors in real-time
monitoring of two important biological
processes involving nucleoside PP con-
version: the apyrase-catalyzed hydroly-
sis of nucleoside PPs and the glycosyl
transfer catalyzed by b-1,4-galactosyl-
transferase.


Keywords: anions · coordination
chemistry · enzymes · fluorescent
probes · sensors


[a] Dr. A. Ojida, Y. Miyahara, Dr. J. Wongkongkatep, Dr. S.-i. Tamaru,
Prof. I. Hamachi
Department of Synthetic Chemistry and Biological Chemistry
Graduate School of Engineering, Kyoto University
Katsura Campus, Nishikyo-ku, Kyoto, 615-8510 (Japan)
Fax: (+81) 75-383-2759
E-mail : ihamachi@sbchem.kyoto-u.ac.jp


[b] Dr. K. Sada
Department of Chemistry and Biochemistry
Graduate School of Engineering, Kyushu University
Fukuoka, 819-0395 (Japan)


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


Chem. Asian J. 2006, 1, 555 – 563 F 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 555



www.interscience.wiley.com





rection without interference by environmental effects, and
convenient visual monitoring; thus, it is suitable for bioana-
lytical measurements. A number of fluorescent ratiometric
sensors for cations such as Na+ , K+ , Ca2+ , Zn2+ , Mg2+ , and
so on have been developed, some of which were applied to
biological studies.[7] A successful example is intracellular
Ca2+ imaging with fluorescent chemosensors such as fura,
indo, and calcium green. These chemosensors enable precise
determination of cytosolic free Ca2+ concentration inside
living cells owing to changes in dual emission or excitation
upon binding to Ca2+ and, consequently, have contributed
greatly to the understanding of the dynamics of Ca2+ ions in
various cell-signaling pathways. In contrast to such success-
ful developments of ratiometric cation sensors, dual-emis-
sion sensors capable of ratiometric analysis for anions have
hardly been developed so far.[6b, 8] This is partly due to the
general difficulty of development of anion sensors that oper-
ate in aqueous medium and, more seriously, the lack of sens-
ing mechanisms available to detect the anion binding event
by the shift in the fluorescence emission/excitation wave-
length. Herein we describe new dual-emission chemosensors
for nucleoside PPs that operate under neutral aqueous con-
ditions. These chemosensors can bind strongly to nucleoside
PPs such as ATP and ADP (Kapp>106


m
�1) by making use of


coordination chemistry and detect them by changes in dual
emission, thus allowing ratiometric nucleoside PP analysis.
The mechanism of the dual-emission sensing involves a
change in the coordination between the acridine fluoro-
phore and the ZnII ions upon binding to a nucleoside PP,
which is experimentally supported by X-ray crystal analysis
and detailed spectroscopic studies. Based on the ratiometric
sensing mode, these chemosensors were successfully applied
to the real-time fluorescence assay of two important biologi-
cal processes: the apyrase-catalyzed hydrolysis of nucleoside
PPs and glycosyl transfer catalyzed by b-1,4-galactosyltrans-
ferase.


Results and Discussion


Molecular Design, Synthesis, and Structure of the
Chemosensors


To carry out ratiometric analysis, two distinct changes in
fluorescence emission or excitation are required within a
single molecular system. Most ratiometric cation sensors re-
ported to date are designed to conjugate a cation binding
site with a fluorophore in a direct manner so that the cation
binding event influences the photochemical properties of
the fluorophore to express a dual-emission change.[7] We
planned to utilize such a metal-cation-induced change in
fluorescence emission/excitation for ratiometric anion sens-
ing (Figure 1). According to the literature,[9] acridine fluoro-


phore shows a bathochromic emission shift on protonation
or metal-cation coordination to its central nitrogen atom.
Thus it may be a candidate for two distinct emissions de-
pending on its electronic configuration. On the basis of our
previous work on the anthracene-type ZnII complex 4–2ZnII


as a fluorescent chemosensor for biological phosphate spe-
cies,[10] we designed new chemosensors 1–2ZnII and 2–2ZnII


that contain an acridine moiety as a fluorophore (Figure 2).
It is anticipated that the anion binding on the ZnII–Dpa sites
disturbs the interaction between ZnII and the acridine fluo-
rophore by coordination exchange, which restores the elec-
tronic property of the acridine to its original noncoordinated


Figure 1. The dual-emission anion-sensing system reported herein.


Figure 2. The chemical structure of the chemosensors. Dpa=2,2’-dipico-
lylamine.


Abstract in Japanese:
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state, thus resulting in a shift in the emission/excitation
wavelength (Figure 1).


The synthesis of 1–2ZnII and 2–2ZnII was carried out as
described in Scheme 1. Both chemosensors were prepared
from 9-chloroacridine (6a), which was obtained by the intra-
molecular cyclization of N-aryl anthranylic acid (5a).[11] The
radical bromination of 6a and the subsequent nucleophilic
substitution with Dpa gave ligand 1. Ligand 2 was synthe-
sized by Suzuki coupling to introduce an aryl substituent at
the 9-position of 6a followed by bromination and Dpa sub-
stitution. Ligands 1 and 2 were treated with zinc(II) nitrate
(2 equiv) in aqueous MeOH to give the chemosensors 1–
2ZnII and 2–2ZnII. By using the same synthetic procedures,
chemosensor 3–ZnII was prepared as a monodentate control
compound. Characterization of these compounds was per-
formed with 1H NMR spectroscopy, mass spectrometry, and
elemental analysis. Detailed synthetic procedures and com-
pound characterizations are described in the Supporting In-
formation. The structure of 1–2ZnII was successfully investi-
gated by X-ray crystallographic analysis.[12] Crystallization of
the binuclear 1–2ZnII from MeOH yielded a single crystal
suitable for structural analysis. The structure of 1–2ZnII is
displayed in Figure 3. Both ZnII ions have a disordered
trigonal-bipyramidal coordination geometry, each of which
is coordinated by the three nitrogen atoms of Dpa and two
nitrate anions. Coordination of ZnII to the acridine nitrogen
atom was not observed in this binuclear ZnII complex. How-
ever, this coordination bond evidently exists in the case of
the mononuclear ZnII complex of 1 under aqueous condi-
tions, and plays a key role in the ratiometric fluorescence
detection for the nucleoside PPs (see below).


Anion Binding and Selectivity of Fluorescence Sensing


When 1–2ZnII and 2–2ZnII were excited at 368 nm, absorp-
tion maxima were observed at 363 nm and emission maxima


at 468 nm (see Supporting Information). The fluorescence
quantum yields of 1–2ZnII and 2–2ZnII were 0.04 and 0.16,
respectively, in aqueous HEPES buffer (pH 7.2), determined
by using quinine sulfate in H2SO4 (0.1n) as the standard.
Upon addition of ATP to 1–2ZnII (10 mm) under neutral
aqueous conditions (50 mm HEPES, pH 7.2), the emission
maximum at 468 nm immediately decreased in intensity and
underwent a blue shift to 441 nm (Figure 4 a), unlike the an-
thracene-type chemosensor 4–2ZnII, which showed simple
fluorescence intensification.[10] The much clearer wavelength
shift and the change in emission intensity upon ATP binding
resulted in a seesaw-type spectral change in the case of 2–
2ZnII (Figure 4 b, c). Under these conditions, 2–2ZnII (10 mm)
was able to detect 10�7


m of ATP with a clear dual-emission
change, but not 10�8


m ATP (data not shown). When a
higher concentration of 1–2ZnII (30 mm) was used, the fluo-
rescence change halted sharply at 1 equivalent of ATP, thus
indicating that the binding stoichiometry between the che-
mosensors and ATP is 1:1 (see Supporting Information). On


the other hand, the monoden-
tate ZnII–Dpa complex 3–ZnII


did not show any fluorescence
change on addition of ATP
(data not shown). This indi-
cates that the two ZnII–Dpa
sites of 1–2ZnII and 2–2ZnII in-
teract simultaneously with the
PP site of ATP through metal–
ligand interactions that show a
strong affinity in aqueous solu-
tion. In 31P NMR spectroscopic
experiments (0.5 mm, HEPES
(50 mm, pH 7.2) containing
D2O (10 %)), 1–2ZnII induced
downfield shifts of the peaks
corresponding to b and g phos-
phate units of ATP from �19.4
and �5.5 ppm to �16.9 and
�2.4 ppm, respectively, where-
as the peak of the a phosphate


Scheme 1. Preparation of the chemosensors. a) POCl3, reflux; b) N-bromosuccinimide, benzoyl peroxide, CCl4,
reflux; c) ethyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate, [Pd2(dibenzylideneacetone)3], 2-(di-
tert-butylphosphanyl)biphenyl, Cs2CO3, N,N-dimethylformamide (DMF), 80 8C; d) Dpa, K2CO3, DMF, room
temperature; e) Zn ACHTUNGTRENNUNG(NO3)2, MeOH/H2O, room temperature.


Figure 3. ORTEP drawing (50 % probability ellipsoids) of binuclear ZnII


complex 1–2ZnII·4NO3. The disordered MeOH molecules are omitted for
clarity.
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observed at �8.03 ppm scarcely changed (data not shown).
This result may suggest that both ZnII–Dpa sites of 1–2ZnII


predominantly interact with the b and g phosphate groups
of ATP in a chelation-like manner. Figure 4 d shows a pho-
tograph of 2–2ZnII in the presence and absence of ATP. The
original green fluorescence emission of 2–2ZnII turned blue
in the presence of ATP. Thus, one can simply detect the nu-
cleoside PPs by the change in emission color, which is one
of the benefits of dual-emission sensing.


Subsequently, we examined the fluorescence-sensing abili-
ty of the chemosensors toward various phosphate species of
biological importance. The binding constants are summar-
ized in Table 1. Both 1–2ZnII and 2–2ZnII displayed changes
in ratiometric emission upon binding to nucleoside PPs with
strong binding affinities (Kapp>106


m
�1), such as ATP, GTP,


ADP, GDP, and UDP. In the case of pyrophosphate anion
(P2O7


2�), a similar dual-emission change was observed in
both chemosensors. However, the change stopped at the ad-
dition of about 0.6 equivalents of pyrophosphate. This indi-
cates that the interaction with pyrophosphate anion does
not have 1:1 stoichiometry, but contains different binding
modes (1:2 or higher order). Binding was relatively weak for
the monophosphate derivatives such as AMP, UDP-Gal,
and H2PO4


2�, and cAMP and cGMP did not cause any fluo-
rescence change, which suggests that a phosphomonoester
moiety involved in a pyrophosphate group is required for


strong binding. Addition of millimolar concentrations of
other anions (acetate, sulfate, nitrate, carbonate, and chlo-
ride) to both chemosensors did not induce significant fluo-
rescence changes. These results indicate that 1–2ZnII and 2–
2ZnII are selective fluorescent chemosensors with a ratio-
metric sensing mode for nucleoside PP derivatives.


Mechanism of Dual-Emission Change by Nucleoside PP
Binding


The mechanism of the observed emission shift upon binding
to nucleoside PPs was explored by the following experi-
ments. In the ZnII titration experiment of bis-Dpa acridine
ligand 1 (20 mm in HEPES (10 mm, pH 7.2)/MeOH=1:1),
the absorption maximum at 377 nm decreased with the ap-
pearance of a new peak at 388 nm up to the addition of
1 equivalent of ZnII (Figure 5 a, c, Supporting Information).
Almost the same spectral change was observed when the
neutral solution of 1 in aqueous methanol was acidified with
HCl (pH<1) (see Supporting Information). These changes
in the absorption spectra indicate that ZnII coordination or
protonation occurs not only to the Dpa sites but also to the
acridine nitrogen atom of 1, thus influencing the electronic
properties of the acridine fluorophore. Interestingly, the ob-
served spectral change induced by 1 equivalent of ZnII was
gradually cancelled to restore the original spectrum of 1 by
the addition of more than 1 equivalent of ZnII (Figure 5 a, c,
Supporting Information). This reverse change indicates the
dissociation of ZnII from the acridine nitrogen atom of 1 to
form the binuclear 1–2ZnII complex. The coordination rear-
rangement induced by the second ZnII complexation is prob-
ably due to electronic repulsion between the two ZnII cat-
ions and/or the steric requirement for the formation of the
binuclear ZnII complex. In the 1H NMR spectroscopic study,


Table 1. Apparent binding constants (Kapp) of 1–2ZnII and 2–2ZnII to
ACHTUNGTRENNUNGvarious anions determined by changes in fluorescence.


Anion species[a] Kapp ACHTUNGTRENNUNG[m
�1][b] Anion species[a] Kapp ACHTUNGTRENNUNG[m


�1][b]


1–2ZnII 2–2ZnII 1–2ZnII 2–2ZnII


ATP 7.6 N 106 5.3 N 106 cAMP <103 <103


ADP 1.7 N 106 2.7 N 106 cGMP <103 <103


AMP 2.0 N 104 1.7 N 104 HPO4
2� 1.1N 104 3.6N 104


GTP 1.7 N 107 2.2 N 107 P2O7
4� –[c] –[c]


GDP 2.4 N 106 4.2 N 106 AcO� –[d] –[d]


GMP 3.3 N 104 3.4 N 104 SO4
2� –[d] –[d]


UDP 1.3 N 106 1.7 N 106 NO3
� –[d] –[d]


UDP-Gal <103 <103 HCO3
� <103 <103


Cl� –[d] –[d]


[a] All counterions of the phosphate species are sodium. ATP=adeno-
sine-5’-triphosphate, ADP=adenosine-5’-diphosphate, AMP=adenosine-
5’-monophosphate, GTP=guanosine-5’-triphosphate, GDP=guanosine-
5’-diphosphate, GMP=guanosine-5’-monophosphate, UDP=uridine-5’-
diphosphate, UDP-Gal=uridine-5’-diphosphogalactose, cAMP=adeno-
sine-3’,5’-cyclic monophosphate, cGMP=guanosine-3’,5’-cyclic mono-
phosphate. [b] Kapp values were determined by curve-fitting of the fluo-
rescence titration data. Conditions: HEPES (50 mm), NaCl (50 mm),
pH 7.2, 20 8C. [c] As the binding stoichimetry is not 1:1, the binding con-
stant was not determined. [d] As the fluorescence changes were hardly
observed, the binding constant could not be obtained.Figure 4. Changes in the fluorescence emission of the chemosensors in-


duced by nucleoside PP. a) Changes in the emission spectrum of 1–2ZnII


(10 mm) upon addition of ATP. [ATP]=0, 2, 4, 6, 8, 10, 12, 14, 16, 18,
20 mm. b) Changes in the emission spectrum and c) changes in the differ-
ence spectrum of 2–2ZnII (10 mm) upon addition of ATP. [ATP]=0, 2, 4,
6, 8, 10, 12, 14, 16, 18, 20, 24, 32, 40 mm. DI=difference in fluorescence
intensity from the initial state ([ATP]=0 mm). Conditions: HEPES buffer
(50 mm), NaCl (10 mm), pH 7.2, 20 8C, lex=368 nm. d) Photograph of the
fluorescence emission of 2–2ZnII in the absence (left) and presence
(right) of ATP. The arrows in a) and b) show the direction of change of
the spectrum at that position as ATP concentration is increased.
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the two Dpa units of 1–2ZnII (1 mm in CD3OD) could not
be discriminated in the presence of more than 2 equivalents
of ZnII (data not shown), which suggests that 1–2ZnII has a
highly symmetrical structure in protic solvents. This struc-
ture may be analogous to that of the binuclear complex re-
vealed by X-ray crystallographic analysis (Figure 3).


The fluorescence emission of 1 also changed in a biphasic
manner in the ZnII titration experiment, together with the
change in absorption. As shown in Figure 5 b, the emission
maximum of 1 underwent a red shift from 447 to 468 nm,
with a large increase in fluorescence, upon addition of
1 equivalent of ZnII, followed by a blue shift to 453 nm upon
addition of more than 1 equivalent of ZnII (see also the Sup-
porting Information). The large fluorescence enhancement
observed with the addition of up to 1 equivalent of ZnII can
be reasonably explained by inhibition of photoinduced elec-
tron transfer (PET) quenching from the tertiary amine
groups of Dpa upon ZnII complexation. The observed bipha-
sic shift in fluorescence emission, which is coincident with
the change in UV absorption, strongly suggests that ZnII co-
ordination with the acridine nitrogen atom induces a batho-
chromic emission shift similar to the case of acridine proto-
nation reported in the literature.[9,13] In the case of the ZnII


titration of the mono-Dpa ligand 3, the absorption spectrum
changed in an almost-identical manner to that observed in
the bis-Dpa ligand 1, and the fluorescence emission also un-


derwent a red shift with the addition of up to 1 equivalent
of ZnII, with strong fluorescence intensification as observed
for 1 (see Supporting Information). However, unlike the
case of 1, the subsequent change in the absorption spectrum
and emission blue shift was not induced upon addition of
more than 1 equivalent of ZnII. This result indicates that
ZnII coordinates to the acridine nitrogen atom as well as the
Dpa site of 3, and, more importantly, the subsequent spec-
tral changes observed in the case of 1 can be ascribed to the
second ZnII complexation.


In aqueous HEPES buffer (pH 7.2), the observed fluores-
cence emission maximum (lem=463 nm; Figure 4 a) and the
shape of the UV/Vis spectrum (Figure 5 d) indicates that 1–
2ZnII exists predominantly as a mononuclear ZnII complex
with coordination between the ZnII ion and the acridine ni-
trogen atom. The complexation constant of the first and
second ZnII ions of 1 (K1 and K2 in [Eq. (1)] and [Eq. (2)])
in aqueous HEPES buffer was determined to be >107 and
1.2 N 104


m
�1, respectively, by the ZnII titration experi-


ments,[14] which means that the second ZnII ion is not fully
complexed with 1 at low mm concentrations.


1þ ZnII
K1
�! �1�ZnII ð1Þ


1�ZnII þ ZnII
K2
�! �1�2ZnII ð2Þ


In the fluorescence titration with ATP, the fluorescence
emission of 1–2ZnII underwent a blue shift with a decrease
in emission intensity (Figure 4). This response is almost
identical to that observed in the formation of the binuclear
ZnII complex from the mononuclear upon addition of excess
ZnII (Figure 5 b). The shape of the UV/Vis spectrum was
also changed by ATP to become almost identical to that of
the binuclear ZnII complex (Figure 5 d). Therefore, it is rea-
sonable that the dual-emission change of the chemosensors
upon binding to the nucleoside PPs is due to the dissociation
of ZnII from the acridine nitrogen atom as a result of the
formation of the ATP-bound complex. The dual-emission
sensing mechanism is schematically summarized in Figure 6.
In the resting state, the chemosensor predominantly exists
as a mononuclear ZnII complex (species I), with coordina-
tion between ZnII and the acridine nitrogen atom, in equilib-
rium with the binuclear ZnII complex (species II). However,
the anionic nucleoside PP induces a second ZnII complexa-
tion, probably due to its electrostatic and/or coordination as-
sistance, to form the ATP-bound species III, in which the co-
ordination geometry of the first ZnII ion is altered such that
the coordination to the acridine nitrogen atom is lost, result-
ing in the dual-emission change.[15] The similar second ZnII


complexation induced by binding with a phosphate anion
was also observed in the anthracene-type chemosensor 4–
2ZnII.[10] However, 4–2ZnII showed a simple fluorescence in-
tensification upon phosphate binding due to the removal of
PET quenching by the complexation of ZnII with Dpa. In
the case of the acridine-type chemosensors, the second ZnII


complexation, induced by the binding of nucleoside PP, re-
sults in a change in the coordination geometry of the first


Figure 5. a) UV/Vis and b) fluorescence-emission spectra of 1 (20 mm) in
the absence (b) and in the presence of 1 equivalent (c) or 3 equiva-
lents (a) of ZnII. The fluorescence intensity of 1 in the absence of ZnII


is magnified (N 10) for clarity. c) Plot of fluorescence-emission intensity
(468 nm; *) and UV absorption (377 nm; &) of 1 in the ZnII titration.
Conditions: HEPES buffer (10 mm, pH 7.2)/MeOH=1/1 (v/v), 20 8C.
d) Changes in the UV/Vis spectrum of 1–2ZnII (10 mm) upon addition of
ATP. [ATP]=0, 2, 4, 6, 8, 10 mm. Conditions: HEPES buffer (10 mm),
pH 7.2, 20 8C. The extreme right arrow in d) indicates the direction of
change of the spectrum at that position as ATP is added.
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ZnII ion, which perturbs the electronic structure of the acri-
dine fluorophore, leading to the dual-emission change.


Unlike the anthracene-type chemosensor 4–2ZnII, the ac-
ridine-type chemosensors did not show fluorescence intensi-
fication upon binding to nucleoside PP. This indicates that
the acridine-type chemosensor may form a mononuclear
ZnII complex with coordination between the ZnII ion and
both tertiary amine groups of the two Dpa units (species I
in Figure 6), so that the PET-quenching process induced by
these amines is fully suppressed even in the mononuclear
ZnII complex state. This is supported by the fluorescence
ZnII titration plot in Figure 5 c, in which the fluorescence in-
tensity is maximized in the presence of 1 equivalent of ZnII.
To obtain structural information about the mononuclear
ZnII complex of 1, a 1H NMR spectroscopic study of 1
(1 mm in CD3OD) was carried out in the presence of Zn-
ACHTUNGTRENNUNG(NO3)2 (1 equiv). However, broad and complicated signals
of 1 were observed, which suggests that a number of the
ZnII coordination isomers of 1 may exist under such condi-
tions of high concentration. Thus, detailed structural infor-
mation of the mononuclear ZnII complex (species I) was not
obtained at this stage.


Real-time Fluorescence Monitoring of Enzyme Reactions
That Involve Nucleoside PP Conversion


With their ability to sense nucleoside PPs selectively
(Table 1), these chemosensors can provide a novel ratiomet-
ric fluorescence assay for enzymatic metabolism of nucleo-
side PP. Apyrase, a hydrolytic enzyme that converts ATP or
ADP into AMP and inorganic phosphate (Pi),[16] was em-
ployed for a proof-of-concept study. It was recently revealed
that various types of apyrases play pivotal roles in diverse
cellular processes, especially in the control of extracellular
signal transduction mediated by nucleoside PPs. Thus, the
development of a convenient real-time monitoring system
for apyrase activity would be highly desirable for the eluci-


dation of their actions in biological systems.[17] Figure 7 a
shows the fluorescence difference spectra obtained during
apyrase-catalyzed ADP hydrolysis; the blue emission at
428 nm decreased and the green emission at 480 nm in-


creased concurrently. This seesaw-type emission change for
2–2ZnII is reasonably ascribed to the hydrolysis of ADP into
AMP and Pi [Eq. (3)]. The plot of the emission ratio shows
that the reaction rate is accelerated with an increase in apyr-
ase concentration (Figure 7 b). Kinetic analysis based on
first-order reaction kinetics indicates that the rate of ADP
hydrolysis is proportional to the amount of apyrase (see
Supporting Information).[18] Sequential ATP hydrolysis to
AMP [Eq. (4)] could also be monitored by the same fluores-
cence ratiometry, although detailed kinetic analysis was not
done in this case. An issue of concern for this real-time
assay is whether 2–2ZnII decelerates the apyrase-catalyzed
reaction by competitive binding to the substrate nucleoside
PPs. However, the measured reaction rates in the presence
and absence of 2–2ZnII (0.025 and 0.076 min�1, respectively)
with 250 mU of apyrase indicates that significant rate decel-
eration does not occur.


ADP apyrase
���!AMPþ Pi ð3Þ


ATP apyrase
���!ADPþ Pi


apyrase
���!AMPþ Pi ð4Þ


The chemosensor-based enzyme assay was also applied to
the fluorescence monitoring of glycosyltransferase activi-
ty.[19] Glycosyltransferases, a superfamily of enzymes in the
biosynthesis of oligosaccharides, are vital for all living sys-
tems, because they synthesize a variety of oligosaccharides,
which play key roles in cell–cell interaction, immune de-
fense, inflammation, and so on.[20] In biological glycosyl-
transfer processes, nucleotide sugars such as UDP glycosides
generally serve as a sugar donor to form a new glycosyl
bond with many types of glycosyl acceptors. As nucleotide


Figure 7. Fluorescence real-time detection of the apyrase-catalyzed
ACHTUNGTRENNUNGhydrolysis of ADP with 2–2ZnII. a) Difference spectra obtained during
ACHTUNGTRENNUNGADP hydrolysis (0–40 min) against the initial state (0 min) with apyrase
(500 mU). b) Time-trace plot of ADP hydrolysis with 1000 (*), 500 (&),
250 (^), 100 mU (~), and 0 mU (!) of apyrase monitored by the emis-
sion ratio R (= I at 480/I at 428 nm). Conditions: [2–2ZnII]=10 mm,
[ADP]=10 mm, HEPES buffer (50 mm), NaCl (10 mm), pH 7.2, 25 8C,
lex=368 nm.


Figure 6. Schematic illustration of the dual-emission sensing mechanism
of the acridine chemosensor for nucleopside PPs.[18]
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sugars are converted into nucleoside PPs during glycosyl
transfer, detection of the nucleoside PPs by our chemosen-
sor enables us to monitor this reaction without perturbation
of the reactants (Scheme 2). As shown in Table 1, the bind-
ing affinity of 2–2ZnII for UDP is about 103 times larger
than that for UDP-Gal, which makes it suitable for the
quantitative monitoring of glycosyl bond formation by de-
tecting the UDP produced. Thus, we monitored by fluores-
cence the glycosyl transfer from UDP-Gal to N-acetyl glu-
cosamine (GlcNAc) catalyzed by b-1,4-galactosyltranferase
(b-1,4-GalT) in the presence of 2–2ZnII (Scheme 2). As ex-
pected, the spectrum of 2–ZnII changed in a ratiometric
manner owing to UDP formation during glycosyl transfer,
and the emission ratio increased (Figure 8 a). With increas-
ing concentrations of GlcNAc, the increase in the emission
ratio was accelerated. The change in the emission ratio was


converted into the amount of UDP by a calibration curve,
and the data, analyzed with a Lineweaver–Burk plot, gave
the Michaelis constant KM as 1.1 mm (Figure 8 b), a value of
the same order as that reported (5.1 mm).[21] The chemosen-
sor-based glycosyltransferase assay presented herein is pre-
cise and convenient, and does not require any special modi-
fication of either glycosyl donor or acceptor. Therefore, this
should provide a potentially general method for probing gly-
cosyltransferase activities, which may be superior to conven-
tional methods with radio-labeling or enzyme-reaction-cou-
pling techniques.[22]


Conclusions


We have developed the dual-emission chemosensors 1–2ZnII


and 2–2ZnII for nucleoside PP derivatives under neutral
aqueous conditions. The chemosensors achieved ratiometric
detection of the nucleoside PPs and allowed rapid and pre-
cise analysis under complicated biological conditions with-
out the need for special instrumentation or costly enzymes
in multistep enzyme-coupled assays, which is an advantage
over other ATP-detection systems.[3] To our knowledge, this
is the first example of a ratiometric fluorescence-sensing
system for nucleoside PPs. On the other hand, the detection
limit of the chemosensors (10�7


m for ATP) may not be low
enough to detect the small amounts of nucleoside PPs rele-
vant to various biological events; however, structural opti-
mization of the phosphate binding sites may lead to a so-
phisticated chemosensor with a stronger binding affinity and
higher sensitivity. We also found that the unique shift in
emission wavelength induced by nucleoside PP binding is as-
cribed to the dissociation of the first ZnII ion from the acri-
dine nitrogen atom as a result of the formation of the binu-


Scheme 2. Fluorescence sensing of the glycosyl-transfer reaction based on the ratiometric detection of UDP by 2–2ZnII.


Figure 8. Fluorescence real-time monitoring of the glycosyl-transfer reac-
tion catalyzed by b-1,4-GalT. a) Time-trace plot with 2–2ZnII in the pres-
ence of 2 (*), 1 (&), 0.5 (^), and 0.2 mm (~) of GlcNAc monitored by
the emission ratio R (= I at 424/I at 486 nm). Assay conditions are de-
scribed in the Experimental Section. b) Lineweaver–Burk plot of the gly-
cosyl-transfer reaction. v and S refer to the initial rate of the reaction
and the concentration of GlcNAc, respectively.
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clear ZnII complex. The present sensing mechanism based
on the anion-induced perturbation of metal–fluorophore in-
teraction may become a general design principle for anion
sensing. Furthermore, we have demonstrated that the che-
mosensor is successful in some biological assays, for exam-
ple, fluorescence monitoring of apyrase-catalyzed hydrolysis
of nucleoside PPs and glycosyl transfer catalyzed by glyco-
syltransferase. As nucleoside PPs are key intermediates in
many biotransformation processes, our methodology should
provide a simple and convenient bioanalytical system that is
useful for screening small molecular inhibitors and modula-
tors for corresponding enzyme or protein activity. Work on
this system is currently underway.


Experimental Section


Synthesis of the Chemosensors


The chemosensors 1–2ZnII, 2–2ZnII, and 3–ZnII were prepared according
to the synthetic routes in Scheme 1. Detailed synthetic procedures and
compound characterizations are described in the Supporting Information.


Fluorescence Titration with Anions


Fluorescent spectra were recorded on a Perkin–Elmer LS55 spectrome-
ter. The anion titration experiments were conducted with a solution
(3 mL) of 1–2ZnII, 2–2ZnII, or 3–ZnII (10 mm) in NaCl (50 mm) and
HEPES buffer (50 mm, pH 7.2) at (20�1) 8C. The change in fluorescence
emission (lex=368 nm) was monitored upon the addition of a freshly pre-
pared aqueous stock solution of the anion with a microsyringe. In the
case of ATP as the analyte, the titration was carried out with 1 mm of the
chemosensor to allow a precise determination of their strong binding.
Fluorescence titration curves (lem=468 nm) were analyzed with nonlin-
ear least-squares curve-fitting analysis with 1:1 binding assumed to evalu-
ate the apparent affinity constant.


Fluorescence Monitoring of Apyrase-Catalyzed Hydrolysis of Nucleoside
PPs


Apyrase (isolated from Solanum tuberosum, Grade VII, activity ratio
ATPase/ADPase�1:1) was purchased from Sigma–Aldrich. A solution
of 2–2ZnII (10 mm) and the nucleoside PP (ATP or ADP; 10 mm) in assay
buffer (3 mL, 50 mm HEPES, 10 mm NaCl, pH 7.2) was preincubated
(25 8C) in a quartz cell. An appropriate amount (100–1000 mU) of apyr-
ase was added to the solution, and the quartz cell was immediately
placed in the fluorescence spectrometer. The emission spectrum (lem=


400–600 nm, lex=368 nm) was recorded automatically at each reaction
time point (scan time=5 s) at 25 8C. The rate of change of the fluores-
cence-emission ratio R was converted into the rate of ADP degradation
by using a calibration curve obtained from fluorescence titration under
assay conditions. The ADP degradation curve obtained was analyzed by
curve-fitting analysis based on first-order reaction kinetics to obtain the
apparent reaction rate.


Fluorescence Monitoring of Glycosyl Transfer Catalyzed by b-1,4-GalT


b-1,4-GalT (human, EC 2.4.1.22) was purchased from Toyobo (Japan). A
solution of b-1,4-GalT (16 mU), GlcNAc (0.2, 0.5, 1, 2 mm), 2–2ZnII


(4 mm), and ZnACHTUNGTRENNUNG(NO3)2 (24 mm) in assay buffer (500 mL, 50 mm HEPES,
50 mm NaCl, 0.1 mm MgCl2, pH 7.2) was preincubated in a quartz cell at
25 8C. Zn ACHTUNGTRENNUNG(NO3)2 was added to suppress the inhibition effect of b-mercap-
toethanol in a solution of b-1,4-GalT. After addition of UDP-Gal (final
concentration=20 mm), the emission spectrum (lem=400–600 nm, lex=


368 nm) was recorded automatically at each reaction time point (scan
time=5 s) at 25 8C. The rate of change of R was converted into initial ve-
locity Vi by using a calibration curve obtained from fluorescence titration
under assay conditions. The data were analyzed with a Lineweaver–Burk
plot to obtain the Michaelis constant KM.
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Structure-Dependent Photoinduced Electron Transfer in Fullerodendrimers
with Light-Harvesting Oligophenylenevinylene Terminals


Nicola Armaroli,*[a] Gianluca Accorsi,[a] John N. Clifford,[a] Jean-FranÅois Eckert,[b] and
Jean-FranÅois Nierengarten*[b]


Introduction


Due to their unique branched structure, dendrimers are in-
trinsically original scaffolds for the preparation of photoac-
tive molecular devices,[1–9] and a particularly appealing fea-


ture is based on the possibility of producing multichromo-
phoric ensembles that mimic the characteristic features of
the natural photosynthetic system.[10,11] In such dendrimer-
based photoactive devices, an array of peripheral chromo-
phores is able to transfer the collected energy to the central
core of the dendrimer, thus mimicking the natural light-har-
vesting complex where antenna molecules collect sunlight
and channel the absorbed energy to a single reaction center.
Furthermore, in the most-sophisticated systems, this initial
transduction of excitation energy can be followed by an
electron-transfer event as observed in natural photosynthet-
ic systems.[10,11] These studies are not only important for the
fundamental understanding of photoinduced processes, but
appear to be of great interest for the design of new photo-
voltaic materials with optimized absorption properties[12,13]


or for the preparation of efficient light-emitting devices.[14]


[60]Fullerene (C60) is an attractive functional core for the
preparation of such light-harvesting dendrimers.[15] Effec-
tively, its lowest singlet and triplet excited states are rela-


Abstract: Oligophenylenevinylene
(OPV)-terminated phenylenevinylene
dendrons G1–G4 with one, two, four,
and eight “side-arms”, respectively,
were prepared and attached to C60 by a
1,3-dipolar cycloaddition of azomethine
ylides generated in situ from dendritic
aldehydes and N-methylglycine. The
relative electronic absorption of the
OPV moiety increases progressively
along the fullerodendrimer family
C60G1–C60G4, reaching a 99:1 ratio for
C60G4 (antenna effect). UV/Vis and
near-IR luminescence and transient ab-
sorption spectroscopy was used to elu-
cidate photoinduced energy and elec-
tron transfer in C60G1–C60G4 as a func-
tion of OPV moiety size and solvent
polarity (toluene, dichloromethane,


benzonitrile), taking into account the
fact that the free-energy change for
electron transfer is the same along the
series owing to the invariability of the
donor–acceptor couple. Regardless of
solvent, all the fullerodendrimers ex-
hibit ultrafast OPV!C60 singlet energy
transfer. In CH2Cl2, the OPV!C60


electron transfer from the lowest fuller-
ene singlet level (1C60*) is slightly exer-
gonic (DGCS�0.07 eV), but is ob-
served, to an increasing extent, only in
the largest systems C60G2–C60G4 with


lower activation barriers for electron
transfer. This effect has been related to
a decrease of the reorganization energy
upon enlargement of the molecular ar-
chitecture. Structural factors are also at
the origin of an unprecedented OPV!
C60 electron transfer observed for
C60G3 and C60G4 in apolar toluene,
whereas in benzonitrile, electron trans-
fer occurs in all cases. Monitoring of
the lowest fullerene triplet state by sen-
sitized singlet oxygen luminescence
and transient absorption spectroscopy
shows that this level is populated
through intersystem crossing and is not
involved in photoinduced electron
transfer.
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tively low in energy, and photoinduced energy-transfer
events have been observed in numerous fullerene-based
dyads.[16] Furthermore, C60 is a good electron acceptor in
photochemical molecular devices. Several examples of den-
drimers with a fullerene core and phenylenevinylene[17–20] or
phenylene ACHTUNGTRENNUNGethynylene[21,22] dendritic branches have been re-
ported so far. Remarkable light-harvesting capability of the
peripheral units relative to the
central core has been observed
in these compounds. Martin,
Guldi, and co-workers have
shown that the end-capping of
the dendritic phenylenevinylene
spacer with dibutylaniline units
yields a multicomponent photo-
active system in which the den-
dritic wedge plays simultane-
ously the role of an antenna ca-
pable of channeling the absor-
bed energy to the fullerene
core and of an electron-donat-
ing unit.[18] Photophysical inves-
tigations in benzonitrile solu-
tions have shown that, upon
photoexcitation, efficient and
fast energy transfer takes place
from the initially excited anten-
na moiety to the fullerene core.
This process populates the
lowest fullerene singlet excited
state that is able to promote
electron transfer from the den-
dritic unit to the fullerene core.
Langa et al. have also prepared
related fullerodendrimers in
which the phenylenevinylene
dendritic wedge is connected to
a pyrazolino[60]fullerene core.
Preliminary photophysical in-
vestigations suggest that the ef-
ficient energy transfer from the
excited antenna moiety to the
pyrazolino[60]fullerene core is
followed by an electron transfer
involving the fullerene moiety
and the pyrazoline N atom.[20]


As part of this research, we
have prepared dendrimers
C60G1–C60G3, and preliminary
photophysical investigations
have revealed that these com-
pounds are interesting systems
with light-harvesting proper-
ties.[17] Herein, we describe the
preparation of the next-genera-
tion derivative C60G4 and
report in detail on the photo-


physical properties of the whole series of compounds. Light-
harvesting oligophenylenevinylene (OPV) moieties convey
excitation energy to the carbon sphere by singlet energy
transfer. The singlet fullerene excited state thus generated
triggers an electron-transfer process that is dramatically de-
pendent on medium polarity and dendrimer structure.
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Results and discussion


Synthesis


The preparation of C60G1 is depicted in Scheme 1. Com-
pound 1 was obtained in two steps from p-bromobenzalde-
hyde as previously reported.[23] Reduction with LiAlH4 fol-


lowed by bromination of the resulting alcohol 2 with CBr4/
PPh3 gave 3. Subsequent treatment with P ACHTUNGTRENNUNG(OEt)3 then af-
forded phosphonate 4. Reaction of 4 with aldehyde 5 under
Wadsworth–Emmons conditions yielded the OPV tetramer
6, which after treatment with CF3CO2H gave 7. The func-
tionalization of C60 was based on the 1,3-dipolar cycloaddi-
tion of the azomethine ylide[24] generated in situ from 7. The
reaction of C60 with 7 in the presence of an excess of N-
methylglycine in refluxing toluene gave C60G1 in 46% yield.
Compound G1, which was used as a reference compound
for absorption and emission properties, was also prepared
by reduction of 7 with LiAlH4.


The preparation of bis-phosphonate 13, the key building
block for the preparation of the OPV-terminated phenylene-
vinylene dendritic wedges, is shown in Scheme 2. 3,5-Dibro-
mobenzaldehyde (8) was prepared from 1,3,5-tribromoben-
zene according to the literature.[25] Reaction of 8 with 2,2-di-


methyl-1,3-propanediol in refluxing benzene in the presence
of a catalytic amount of p-toluenesulfonic acid (p-TsOH) af-
forded 9 in 97% yield. Treatment of 9 with an excess of
tBuLi in THF followed by quenching with N,N-dimethyl-
ACHTUNGTRENNUNGformamide (DMF) and subsequent reduction of the result-
ing dialdehyde 10 with diisobutylaluminium hydride
(DIBAL-H) gave diol 11 in 56% overall yield. Bromination
with CBr4/PPh3 followed by treatment of the resulting bis-
bromide 12 with P ACHTUNGTRENNUNG(OEt)3 under Arbuzov conditions yielded
13 in 66% overall yield.


Reaction of 13 with aldehyde 5 in the presence of tBuOK
afforded compound G2 in 91% yield (Scheme 3). Treatment
with CF3CO2H in CH2Cl2/H2O and subsequent reaction of
the resulting aldehyde 14 with C60 in the presence of N-
methylglycine gave C60G2. The next-generation dendron G3
was obtained in 90% yield by reaction of 13 with 14


Scheme 1. Preparation of C60G1. Reagents and conditions: a) LiAlH4,
THF, 0 8C (90%); b) PPh3, CBr4, THF, room temperature (84%);
ACHTUNGTRENNUNGc) P ACHTUNGTRENNUNG(OEt)3, 150 8C (85%); d) 4, tBuOK, THF, 0 8C!RT (88%);
e) CF3CO2H, CH2Cl2, H2O, room temperature (96%); f) C60, N-methyl-
glycine, toluene, D (46%).


Scheme 2. Preparation of 13. Reagents and conditions: a) 2,2-dimethyl-
1,3-propanediol, C6H6, p-TsOH cat., D, Dean–Stark trap (97%); b) tBuLi
(4 equiv), THF, �78!0 8C, then DMF, �78!0 8C, then aq. HCl (2m)
(58%); c) diisobutylaluminum hydride (DIBAL-H), CH2Cl2, 0 8C (97%);
d) PPh3, CBr4, THF, room temperature (75%); e) P ACHTUNGTRENNUNG(OEt)3, 150 8C
(88%).


Scheme 3. Preparation of C60G2. Reagents and conditions: a) 13, tBuOK,
THF, 0 8C!RT (91%); b) CF3CO2H, CH2Cl2, H2O, room temperature
(90%); c) C60, N-methylglycine, toluene, D (18%).
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(Scheme 4). Subsequent deprotection with CF3CO2H in
CH2Cl2/H2O yielded aldehyde 15, which after reaction with


C60 and N-methylglycine in refluxing toluene gave C60G3 in
25% yield.


The last-generation compound was obtained from 15 by
repeating the same synthetic sequence (Scheme 5). Reaction
of 13 with 15 and subsequent deprotection with CF3CO2H in
CH2Cl2/H2O yielded aldehyde 16. Treatment of 16 with C60


and N-methylglycine in refluxing toluene finally gave C60G4
in 30% yield.


The structures of fullerodendrimers C60G1–C60G4 were
confirmed by analytical and spectroscopic data. The
1H NMR spectra of C60G1 and C60G2 in CDCl3 exhibit the
expected features with signals arising from the OPV branch-
es, an AB quartet and a singlet for the pyrrolidine protons,
as well as a singlet for the N�CH3 group. Importantly, the
signals corresponding to the protons of the phenyl group di-
rectly attached to the pyrrolidine ring are broad at room
temperature. As previously described for phenylpyrrolidino-
fullerene derivatives,[20,26] this indicates restricted rotation of
the phenyl substituent on the pyrrolidine ring. This was con-
firmed by variable-temperature NMR spectroscopic studies,
which showed a clear coalescence at about 10 8C for the two
lower-generation derivatives, and a reversible narrowing was
observed in the spectra of C60G1 and C60G2. The 1H NMR
spectra of the two highest-generation derivatives C60G3 and
C60G4 were more complicated at room temperature. Besides
the restricted rotation of the phenyl unit on the pyrrolidine
ring, other dynamic effects are also involved. Such behavior
has already been reported by Langa et al. for related den-
drimers.[20] A variable-temperature study (CDCl2CDCl2,


Scheme 4. Preparation of C60G3. Reagents and conditions: a) 13, tBuOK,
THF, 0 8C!RT (85%); b) CF3CO2H, CH2Cl2, H2O, room temperature
(90%); c) C60, N-methylglycine, toluene, D (25%).


Scheme 5. Preparation of C60G4. Reagents and conditions: a) 13, tBuOK, THF, 0 8C!RT (63%); b) CF3CO2H, CH2Cl2, H2O, room temperature (95%);
c) C60, N-methylglycine, toluene, D (30%).
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400 MHz) showed a perfectly reversible narrowing of all the
peaks, and a sharp peak was obtained at 100 8C for both
compounds. Finally, the structures of C60G1–C60G4 were
confirmed by mass spectrometry. In all cases, the expected
molecular-ion peak was clearly observed.


Whereas liquid-crystalline properties have been observed
for almost all the dendritic OPV precursors,[27] fulleroden-
drimers C60G1–C60G4 do not show any mesomorphic behav-
ior. Actually, the p–p interactions among the dendritic
wedges capable of stabilizing the mesophases in the unsub-
stituted precursors are prevented owing to the presence of
the bulky fullerene cores in C60G1–C60G4.


Electronic Absorption Spectra


Reference Compounds


The electronic absorption spectra of the organic conjugated
systems G1–G4 in CH2Cl2 are shown in Figure 1. The ab-
sorption maxima are in the range 390–395 nm and are bath-


ochromically shifted by about 30 nm relative to the shorter
analogue with a trimer OPV unit.[28]


The trend in the absorption spectra of G1–G4 shows that
ramification at the meta positions of the phenyl rings does
not promote efficient p-electronic conjugation within OPV
dendronic subunits, as already observed for oligophenyl-
ACHTUNGTRENNUNGeneethynylene (OPE) arrays.[29] Practically, G3, for example,


can be regarded as an assembly
of two groups of OPV tetram-
ers sharing a phenyl ring. Simi-
lar considerations can be made
for the largest molecule G4.
The absorption spectrum of
C60Ref shows the well-known
features of pyrrolidinoful-
lerenes.[24,28]


Fullerodendrimers


The absorption spectra of the fullerodendrimers C60G1–
C60G4 in CH2Cl2 are displayed in Figure 2 and clearly show
the spectral features of both OPV (UV range) and fullero-
pyrrolidine (visible window).


Exact matching with the spectral profiles calculated by
summing the absorption spectra of the carbon sphere and
the pertinent OPV fragment was not obtained, in line with
previous reports.[23] This indicates some degree of intramo-
lecular electronic ground-state interaction between the den-
drons and the fullerene core. The difference between calcu-
lated and experimental spectra is particularly marked for
C60G3 and C60G4, suggesting that electronic interactions are
more important when large dendronic networks are present.
Molar absorptivities e (m�1 cm�1) at the OPV-type band
maximum (394 nm) are as follows: 95800 for C60G1, 134800
for C60G2, 255100 for C60G3, and 730400 for C60G4. Thus,
the relative amount of light captured by the dendronic
moiety compared to the fullerene unit (e=7600m�1 cm�1,
394 nm) increases progressively along the series, reaching a
ratio of 99:1 for C60G4, where incident light is harvested
almost exclusively by the OPV-terminated dendrons (anten-
na effect).


Luminescence Properties and Photoinduced Processes


Reference Compounds


G1–G4 exhibit intense fluorescence bands in CH2Cl2 with
lmax in the range of 465–470 nm (Figure 1, Table 1). Strong
fluorescence is maintained at 77 K,[30] at which structured
spectral profiles were recorded (not shown).


The high fluorescence quantum yields and short singlet
excited-state lifetimes at room temperature[23,28] are similar
along the series (Table 1). Fulleropyrrolidine C60Ref exhibits


Figure 1. Absorption (left) and fluorescence spectra (right; lex=395 nm,
O.D.=0.2) of 5 (&), G1 (*), G2 (&), G3, (*), and G4 (~). All spectra
were recorded at 298 K in CH2Cl2.


Figure 2. Absorption (left) and fluorescence spectra (right; lex=500 nm,
O.D.=0.2) of C60G1 (*), C60G2 (~), C60G3, (*), and C60G4 (&). All
spectra were recorded at 298 K in CH2Cl2.
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singlet excited-state parameters (Table 1) identical to those
of very similar systems reported previously.[23, 28]


Fullerodendrimers: OPV Quenching by Energy Transfer


Upon excitation at the OPV band maximum, dramatic
quenching of OPV fluorescence was observed for all fullero-
dendrimers in CH2Cl2 (Table 1). The residual fluorescence
band in the OPV region was so faint that it was affected by
instrument noise and turned out to be artificially red-shifted
for C60G1–C60G3 (see Supporting Information). This effect
was not observed for C60G4, for which the residual lumines-
cence signal was more intense. Excitation spectra taken in
the range 300–450 nm at lem=730 nm (fullerene fluores-
cence) show that sensitization of the C60 moiety occurred for
C60G1 and C60G2, pointing to an OPV!C60 singlet–singlet
energy-transfer process.[28,31,32] Unfortunately, for the two
largest arrays, the OPV residual emission tail covered the
weak C60 fluorescence and prevented clean excitation spec-
troscopy. The extent of fullerene fluorescence was reduced
by increasing the solvent polarity, owing to competing elec-
tron-transfer quenching of the fullerene singlet level,[28,32] as
discussed later on. By means of [Eq. (1)],[28,32] it is possible
to estimate the rates of the OPV!C60 singlet energy-trans-
fer process, which are presented in Table 1. In [Eq. (1)], F
and Fref are the OPV fluorescence quantum yields of the
multicomponent arrays and the reference compounds, re-
spectively, and tref is the OPV singlet lifetime of the latter.


kEnT ¼
Fref


F � 1
� �


t
ref


ð1Þ


Fullerodendrimers: Size Dependence of C60 Fluorescence
Spectra


Direct excitation of the C60 moiety of C60G1–C60G4 in
CH2Cl2 at l�430 nm produced the fluorescence spectra in
Figure 2. Relative to the pyrrolidinofullerene reference mol-
ecule, a progressive decrease in fluorescence quantum yield


was found, and the quenching
rates are as follows: 10%
(C60G1), 25% (C60G2), and
55% (C60G3, C60G4). For the
three largest dendrimers, the
observed quenching was sub-
stantial and well within the ex-
perimental uncertainty; for
C60G3 and C60G4, shorter sin-
glet lifetimes were measured
accordingly (Table 1). Due to
energetic reasons (see below),
the only possible quenching
mechanism for the C60 singlet
level is Gn!C60 electron trans-
fer, in line with the behavior of
several other C60–OPV arrays
investigated by us and
others.[28,31, 32] By means of
[Eq. (1)], the rate of electron


transfer can be estimated from fluorescence data (Table 1).
The fact that the electron-transfer rate is dependent on


the OPV size is somewhat surprising if one considers that
the oxidation potential of the OPV unit is not expected to
change substantially along the series because the oxidation
process is centered at the terminal methoxybenzene unit,[33]


which is identical for the whole family investigated here. On
the other hand, the fullerene reduction behavior is also not
expected to change appreciably by linking OPV units to pyr-
rolidinofullerenes.[28] From the first reduction and oxidation
potential of C60G1–C60G4,


[34] the free energy of the charge-
separated state C60


�–Gn+ is estimated to be 1.65�0.02 eV
in CH2Cl2.


[35] The relative position of this level with respect
to the localized lowest singlet and triplet states of the OPV
and C60 moieties can be seen in the energy level diagram
shown in Figure 3.


It is clear from Figure 3 that, for C60G1–C60G4 in CH2Cl2,
Gn!C60 electron transfer from the fullerene singlet is
slightly exergonic (DGCS�0.07 eV) in all cases. Such a small
change in free energy is critical, if related to the activation
barrier for electron transfer, DGCS


#, which, according to the
classical Marcus approach,[36] depends on the reaction ther-
modynamics and reorganization energy l [Eq. (2)]:


DG#
CS ¼


ðDGCS þ lÞ2
4l


ð2Þ


We have shown previously that, for a system structurally
similar to C60G1 and characterized by a shorter donor
moiety (OPV trimer), the activation barrier for electron
transfer in CH2Cl2 is relatively high (DG#=0.22 eV) and
able to prevent a slightly exergonic (DGCS�0.03 eV) elec-
tron transfer.[28] A very similar activation barrier is present
here for C60G1, in which minor (if any) fullerene fluores-
cence quenching is detected. By contrast, C60G2, C60G3, and
C60G4 undergo electron transfer in CH2Cl2 (Figure 2,
Table 1), and this points to lower DG# values, which implies,


Table 1. Luminescence properties of dendrimers in CH2Cl2 at 298 K.


OPV moiety Fullerene moiety
lmax


[nm][a]
Ffl


[a] kEnT


ACHTUNGTRENNUNG[s�1][b]
t


[ns][c]
lmax


[nm][d]
Fem


ACHTUNGTRENNUNG[Q104][d]
kElT


ACHTUNGTRENNUNG[s�1][b]
t


[ns][e]


C60Ref – – – – 710 5.5 – 1.3
G1 464 0.66 – 1.1 – – – –
C60G1 506[f] 0.002 3.0Q1011 –[g] 710 5.0 7.7Q107 1.3[h]


G2 464 0.70 – 1.3 – – – –
C60G2 500[f] 0.003 1.8Q1011 –[g] 708 4.5 1.7Q108 1.3[h]


G3 468 0.70 – 1.3 – – – –
C60G3 490[f] 0.003 1.8Q1011 –[g] 716 2.6 8.6Q108 0.7; 1.8[i]


G4 468 0.67 – 1.4 – – – –
C60G4 468 0.015[j] 3.1Q1010[j] –[g] 716 2.8 7.4Q108 0.7; 1.8[i]


[a] lex=390 nm. [b] Estimated from [Eq. (1)]. [c] lex=407. [d] lex=500 nm. [e] lex=637 nm. [f] Red-shifted
due to very low intensity that was strongly affected by instrument noise. [g] Below the temporal resolution of
our instrument. [h] The small quenching could not be detected with the time-resolved method. [i] Double ex-
ponential decay; the shorter component is attributed to the quenched fullerene unit, the longer is likely to be
experimental noise related to the very weak signal and the long accumulation time; a comparable trend has
been found for similar measurements in fullerene dyads.[60] [j] Possibly affected by some residual G4 impurity.
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given the virtually identical DGCS values, a lower reorganiza-
tion energy l. This parameter is the result of two contribu-
tions [Eq. (3)]:[36]


l ¼ li þ le ð3Þ


where li and le are the internal (nuclear rearrangement)
and external (solvent factor) reorganization energies. For
C60 dyads, li is in the range 0.2–0.3 eV,[32,37,38] whereas le can
be estimated from the following equation, assuming a spher-
ical shape of the donor and acceptor partner [Eq. (4)]:[39, 40]


le ¼
q2


4pe0


1
2rþ


þ 1
2r�


� 1
RDA


� �
1
n2 �


1
es


� �
ð4Þ


where q is the electron charge, e0 is the vacuum permittivity,
RDA is the center-to-center distance of the positive and nega-
tive charges in the charge-separated state, r+ and r� are the
radii of the oxidized and reduced species, respectively, and n
and es are the refractive index and dielectric constant of the
solvent, respectively.


Given the increasing complexity of large dendritic struc-
tures, it is not straightforward to quantitatively relate the
observed electron transfer with the above equations, also
because the donor moieties in C60G1–C60G4 are not spheri-
cal and are structurally different from one another. For in-
stance, the r+ value can hardly be estimated, and perhaps
even compared, among the various dyads, owing to the in-
creasing ramification of the donor moiety. However, on a
qualitative basis, the following considerations can be made:
1) The donor–acceptor (DA) distance between the C60 core
and the closest trimethoxybenzene OPV terminal unit de-
creases progressively with dendrimer size; molecular-model-
ing calculations give the shortest DA distances as 23.5, 18.2,
15.9, and 14.5 R from C60G1 to C60G4.


[41] 2) Partial delocali-


zation of the positive charge among the acceptor trimethox-
ybenzene OPV terminal could occur from C60G2 onwards,
leading to a bigger r+ value. Both factors concur to promote
a decrease in external reorganization energy when the full-
erodendrimer structure grows, according to [Eq. (4)]. This
prompts a decrease in the activation energy and favors elec-
tron transfer in larger structures, as observed experimentally.
The closest distance among electron donor/acceptor couples
and the more-compact structure in larger dendrimers is also
in line with the differences in ground-state absorption spec-
tra, which do not match the sum of the spectra of the com-
ponent units (see above).


Fullerodendrimers: Solvent Dependence of C60 Fluorescence
Spectra


As discussed above, the charge-separated state and the
lowest fullerene singlet level are almost isoenergetic for all
fullerodendrimers in CH2Cl2 (Figure 3). Thus, it is reasona-
ble to expect that a slight tuning of the solvent polarity can
substantially affect the extent of electron transfer.[28] To test
this hypothesis, we also investigated the whole series of
dyads in toluene (TOL) and benzonitrile (BN), which are
less and more polar than CH2Cl2 (DCM), respectively. As
an example of the observed trend, the C60 fluorescence
spectra of C60G2 recorded in the three solvents are dis-
played in Figure 4 (top). The results of the whole fulleroden-
drimer series in terms of relative fluorescence intensity
versus solvent polarity are gathered in Figure 5 (top).


A clear trend showing an enhanced fullerene singlet
quenching, that is, an enhanced Gn!C60 electron transfer,
was found for all compounds. In BN (most polar), the three
largest dendrimers exhibited extensive electron transfer
ACHTUNGTRENNUNG(>50%), whereas the efficiency in C60G1 is lower (�30%).
A rather interesting and unexpected result is that the largest
systems C60G3 and C60G4 undergo electron transfer with
about 40% efficiency also in nonpolar TOL. This is, to the
best of our knowledge, unprecedented in dyads made of C60


and organic conjugated moieties[16] and highlights once
again the importance of structural factors in addressing
light-induced processes in complex arrays.[15,31] Practically,
what is thermodynamically forbidden in simple systems may
become allowed in complex architectures in which the same
donor–acceptor partners can assume different relative posi-
tions and distances or experience modified local polari-
ties.[31,42] In Figure 5 (bottom), the trend in solvent polarity
is described as a function of dendrimer ramification, show-
ing that the largest differences are found up to the third-
generation dendrimer C60G3, after which a plateau is
reached. Importantly, the trends in C60 fluorescence intensi-
ty are the same, within a 10% experimental uncertainty,
both by exciting the C60 moiety (lexc>450 nm) and the OPV
unit (395 nm). This unambiguously confirms that the singlet
excited state of the OPV unit does not trigger electron
transfer, but simply sensitizes the C60 singlet level by energy
transfer,[28] as discussed above.


Figure 3. Energy diagram showing the energy levels of the lowest excited
states of C60G1–C60G4 and the light-induced intercomponent processes
following light excitation of the OPV subunit. The energy of the charge-
separated state is determined with the redox potentials and is the same
along the fullerodendrimer series. Pyrrolidinofullerene energy levels are
known,[28] whereas the OPV singlet-state position was evaluated from the
highest-energy feature of the fluorescence spectra at 77 K. For more de-
tails, see text. En T=energy transfer, El T=electron transfer.
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Triplet Behavior


To gain further insight into the photophysical processes fol-
lowing light excitation of C60G1–C60G4, the yield of forma-
tion of the lowest fullerene triplet excited state in the three
solvents was measured. To this end we took advantage of
the singlet oxygen sensitization process brought about by
the lowest triplet state of fullerenes according to
[Eq. (5)]:[16,43,44]


C60
hn�! 1C*


60
ISC��! 3C*


60
O2�!C60 þ 1O*


2 ð5Þ


where ISC denotes intersystem crossing and 1O2* stands for
O2 ACHTUNGTRENNUNG(


1Dg), commonly termed “singlet oxygen”. The excited
1O2* state deactivates to the ground state, giving rise to a
characteristic IR emission band centered at l=1268 nm.[45]


The quantum yield of singlet oxygen sensitization (FD) and
of fullerene triplet formation (FT) are found to be identical
for C60, for its closed-cage[46] and open-cage[47] derivatives, as
well as for higher fullerenes like C70


[48] and C76.
[49] Therefore,


the value of FD, which is proportional to the intensity of the
sensitized IR emission of 1O2*,


[42,50] can be used as an indi-
rect measurement of FT for all fullerenes.[28,51] The sensi-
tized singlet oxygen luminescence bands of C60G2 in TOL,
DCM, and BN, with C60Ref as internal reference in all cases,
is shown in Figure 4 (bottom). The relative 1O2* lumines-
cence intensity ratios (C60Ref/C60G2) obtained by exciting
both compounds at 395 nm (OPV moiety) and above
450 nm (C60 subunit) were identical.


Importantly, the spectra of Figure 4 show that the relative
amount of fullerene singlet formed (monitored by C60 fluo-
rescence) is identical to that of triplet (monitored by sensi-
tized 1O2 luminescence) in any solvent.[28] Triplet lifetimes of
C60Ref and C60G2 were identical in air-equilibrated and air-


free solution (698 ns and 22 ms,
respectively).[52] This shows that
no fullerene triplet quenching
occurs in the fullerodendrimers
and the lower yield of triplet
formation is simply due to sin-
glet depletion by electron trans-
fer (see above); triplet excited-
state dyad molecules undergo
regular deactivation. The paral-
lel trend in fluorescence and
singlet oxygen sensitization
spectra is found also for the
other fullerodendrimers in all
the solvents investigated, and
the above rationale is extended
to the whole family C60G1–
C60G4. As an example, the
emission spectra of C60G4, re-
corded with a near-IR (NIR)-
sensitive detector that is able to
record both the fullerene fluo-
rescence and the singlet oxygen


Figure 4. Top: C60 fluorescence spectra of C60G2 (&) in TOL (left),
DCM (middle), and BN (right) at 298 K relative to that of C60Ref (&)
(lex=500 nm, O.D.=0.3). Bottom: Sensitized singlet oxygen lumines-
cence spectra of C60G2 (&) in TOL (left), DCM (middle), and BN
(right) at 298 K relative to that of C60Ref (&) (lex=390 nm, O.D.=0.5).


Figure 5. Top: Relative C60 fluorescence intensity of C60G1 (*), C60G2 (~), C60G3, (*), and C60G4 (&) as a
function of solvent polarity. Bottom: Relative C60 fluorescence intensity as a function of dendrimer ramifica-
tion/size for dendrimers in TOL (*), DCM (*), and BN (~). The reference value 100, recorded for each ex-
periment, corresponds to the fluorescence intensity of the pyrrolidinofullerene C60Ref under the same experi-
mental conditions (see top panel of Figure 4 as an example).
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luminescence, are shown in Figure 6. One can see the de-
crease in intensity with solvent polarity, as well as the unex-
pected luminescence quenching of the largest fulleroden-
drimer C60G4 in low-polarity toluene as described above.


Finally, in an attempt to detect the charge-separated state
C60


�–Gn+ , we recorded transient absorption spectra in the
visible/NIR region up to 1200 nm. Figure 7 shows the spec-


tra of C60G1 in TOL and C60G3 in BN. No trace of fullero-
pyrrolidine anion around 1000 nm[32,53] or OPV cation in the
visible/NIR region[32,54] was found down to a temporal
window of 10 ns because the charge-separated state is much
more short-lived, as found for other C60–OPV dyad sys-
tems.[55] However, the high intensity of the spectrum of
C60G3 relative to C60G1 is pretty much in line with that of
the singlet oxygen spectra, thus confirming the above illus-
trated rationalization of light-induced processes.


Conclusions


A series of dyads with an increasingly large dendritic OPV
moieties and an identical pyrrolidinofullerene core has been
prepared. The molecular design of these architectures
prompts a unique ensemble of electronic and spectroscopic
properties. C60G1–C60G4 are characterized by an increasing-
ly efficient light-harvesting moiety (OPV), which quantita-
tively conveys the excitation energy to the carbon sphere.
Eventually, this process results in an ultrafast OPV!C60


charge separation and recombination. Branching of the
OPV dendritic subunits at the meta position of the phenyl-
ene rings does not promote effective p delocalization within
the electron-donor OPV moiety; its oxidation potential is
unchanged with molecular size. Consequently, owing to the
invariance of the acceptor carbon sphere, the energy of the
charge-separated state is virtually the same along the series,
and the differences in the extent of electron transfer as a
function of OPV ramification or solvent polarity are attrib-
uted to structural factors only. The observed regular trends
are related to electron-transfer theory, albeit only on a qual-
itative basis, owing to the high complexity of fulleroden-
drimer structures. The most relevant results are found for
the largest dendrimers C60G3 and C60G4, which exhibit, in a
given solvent, the largest electron-transfer efficiency and,
quite unexpectedly, show evidence of charge separation
even in nonpolar toluene. These results demonstrate once
again the crucial role played by structural factors in foster-
ing charge separation within complex fullerene architec-
tures.[31] Notably, this is somehow reminiscent of the concept
that local nanomorphology is a key factor for successful ex-
citon dissociation and efficient conversion of light energy in
plastic photovoltaic devices made with fullerene materi-
als.[56]


Experimental Section


General Methods


Reagents and solvents were purchased at reagent grade and used without
further purification. Compounds 1,[23] 5,[33] and 8[25] were prepared as pre-
viously reported. The experimental details for the preparation of all the
compounds are reported in the Supporting Information. NMR spectra
were recorded on a Bruker AC 200 (200 MHz) or a Bruker AM 400
(400 MHz) spectrometer with solvent peaks as reference. FAB MS was
performed on a ZA HF instrument with 4-nitrobenzyl alcohol as matrix.
MALDI-TOF MS was performed on a Brucker BIFLEXTM mass spec-


Figure 6. Luminescence spectra (lex=500 nm, O.D.=0.3) of C60G4 (full
line) and C60Ref (dotted line) in TOL (left) and DCM (right) recorded
with a NIR-sensitive photomultiplier detector, showing the parallel de-
crease of C60 fluorescence and sensitized singlet oxygen luminescence;
the same trend is observed for all compounds in all solvents. The highest
relative intensity of 1O2* emission in DCM compared to TOL reflects the
intrinsic higher yield of the radiative process in the former solvent. By
contrast, there is virtually no difference in C60 fluorescence yield between
the two solvents.


Figure 7. Transient absorption spectra of C60G1 in degassed TOL (*)
and C60G3 in degassed BN (*) at 298 K upon laser excitation at 532 nm
(E�5 mJ per pulse). The spectra were recorded at a delay of 0.25 ms fol-
lowing excitation. The inset shows the time profile of DA (700 nm) from
which the spectral kinetic data were obtained; the fitting is monoexpo-
nential and gives a lifetime of 14.1 and 20.2 ms for C60G1 and C60G3, re-
spectively. Such triplet lifetime values do not change when the decay is
examined at 1000 nm.
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trometer under previously reported conditions.[42] Elemental analyses
were performed by the analytical service at the Institut Charles Sadron,
Strasbourg.


Synthesis


C60G3 : A mixture of 15 (520 mg, 0.13 mmol), C60 (110 mg, 0.15 mmol),
and sarcosine (100 mg, 1.10 mmol) in toluene (120 mL) was heated under
reflux and Ar for 24 h. After cooling, the resulting solution was evaporat-
ed to dryness. Column chromatography (SiO2, hexane/toluene=1:1) fol-
lowed by gel permeation chromatography (Biorads, biobeads SX-1,
CH2Cl2) gave C60G3 (125 mg, 25%) as a dark-brown glassy product.
1H NMR (400 MHz, 100 8C, C2D2Cl4): d=8.02 (s, 2H), 7.77 (s, 1H), 7.50
(m, 38H), 7.34 (AB, J=17 Hz, 4H), 7.24 (AB, J=17 Hz, 8H), 7.18 (s,
8H), 7.03 (AB, J=17 Hz, 8H), 6.78 (s, 8H), 5.14 (d, J=10 Hz, 1H), 5.12
(s, 1H), 4.42 (d, J=10 Hz, 1H), 4.09 (t, J=6 Hz, 16H), 4.06 (t, J=6 Hz,
8H), 2.83 (s, 3H), 1.83 (m, 24H), 1.50–1.20 (m, 216H), 0.89 ppm (t, J=
6 Hz, 36H); 13C NMR (100 MHz, C2D2Cl4): d=153.3, 147–140 (br), 138.0,
136.6, 136.2, 132.1, 128.8, 128.1, 127.8, 126.8, 126.7, 104.7. 68.8, 31.8, 30.2,
29.9, 29.65, 29.6, 29.5, 29.3, 29.25, 26.0, 22.6, 14.1 ppm; MS (MALDI-
TOF): calcd for C325H384NO12: 4496.6 [M+H]+ ; found: 4498; elemental
analysis: calcd (%) for C325H383NO12CHCl3: C 84.84, H 8.39, N 0.30;
found: C 85.09, H 8.53, N 0.29.


C60G4 : A mixture of 16 (600 mg, 0.079 mmol), C60 (114 mg, 0.15 mmol),
and sarcosine (70 mg, 0.79 mmol) in toluene (120 mL) was heated under
reflux and Ar for 24 h. After cooling, the resulting solution was evaporat-
ed to dryness. Column chromatography (SiO2, hexane/toluene=1:1) fol-
lowed by gel permeation chromatography (Biorads, biobeads SX-1,
CH2Cl2) gave C60G4 (198 mg, 30%) as a dark-brown glassy product.
1H NMR (400 MHz, 100 8C, C2D2Cl4): d=7.70–6.90 (m, 70H), 6.73 (m,
8H), 4.04 (m, 24H), 3.03 (s, 3H), 1.83 (m, 24H), 1.28 (m, 216H),
0.89 ppm (t, J=6 Hz, 36H); MS (MALDI-TOF): calcd for
C597H767N1O24K: 8380.7 [M+K]+ ; found: 8380; calcd for C537H767NO24:
7620.9 [M�C60]


+ ; found: 7620; elemental analysis: calcd (%) for
C597H767N1O24: C 85.96, H 9.27, N 0.17; found: C 85.57, H 9.12, N 0.16.


Photophysical Measurements


Absorption spectra were recorded with a Perkin–Elmer l40 spectropho-
tometer. Emission spectra were obtained with an Edinburgh FLS920
spectrometer (continuous 450-W Xe lamp) equipped with a Peltier-
cooled Hamamatsu R928 photomultiplier tube (PMT; 185–850 nm) or a
Hamamatsu R5509-72 supercooled PMT (193 K, 400–1700 nm). Correct-
ed spectra were obtained by a calibration curve supplied by the instru-
ment manufacturer. Emission quantum yields were determined according
to the approach described by Demas and Crosby[57] by using air-equili-
brated [Ru(bipyridine)3Cl2] (Fem=0.028 in air-equilibrated water)[58] or
quinine sulfate (Fem=0.546 in 1n H2SO4)


[59] as standards. Emission life-
times were determined with the time-correlated single photon counting
technique by using an Edinburgh FLS920 spectrometer equipped with a
laser diode head as excitation source (1 MHz repetition rate, lex=407 or
637 nm, time resolution upon deconvolution=200 ps) and a Hamamatsu
R928 PMT as detector. Transient absorption spectra in the nanosecond–
microsecond time domain were obtained by using the nanosecond flash
photolysis apparatus Proteus by Ultrafast Systems LLC. The excitation
source was the second harmonic (532 nm) of a Continuum Surelite II
Nd:YAG laser with 5-ns pulse duration at 5 mJ per pulse. Light signals
were passed through a Chromex/Bruker 250IS monochromator (equip-
ped with two gratings blazed at 500 or 1000 nm) and collected on a high-
speed Silicon (DET210) or InGaAs (DET410) Thorlabs detector in the
visible (400–800 nm) or NIR (400–1700 nm) region, respectively. The
signal was then amplified by means of a variable-gain wideband voltage
amplifier (Femto DHPVA-200) interfaced with a Tektronix TDS 3032B
digital oscilloscope connected to a PC with the acquisition software Pro-
teus. The probe light source was a 150-W continuous wave Xe arc lamp
(Spectra Physics 69907). Triplet lifetimes were obtained by averaging 264
different decays recorded around the maximum of the absorption peak
(680–720 nm). The samples were placed in fluorimetric 1-cm path cuv-
ettes and, when necessary, purged from oxygen by at least four freeze–
thaw–pump cycles.


All measurements were carried out in spectroscopy-grade solvents used
without further purification. Experimental uncertainties are estimated to
be 8% for lifetime determinations, 20% for emission quantum yields,
5% for relative emission intensities in the NIR, and 1 nm and 5 nm for
absorption and emission peaks, respectively.


Acknowledgements


This work was supported by the CNR (commessa PM-P04-ISTM-C1-
ISOF-M5, Componenti Molecolari e Supramolecolari o Macromolecolari
con ProprietB Fotoniche ed Optoelettroniche), the CNRS, the French
Ministry of Research (ACI Jeunes Chercheurs), and the EU through the
RTN contract “FAMOUS” No. HPRN-CT-2002–00171. J.-F.E. thanks
DGA for his research fellowships. We further thank L. Oswald for tech-
nical help, Dr. B. Heinrich for his help for the characterization of the
liquid-crystalline derivatives, M. Schmitt for high-field NMR measure-
ments, and Prof. J.-P. Gisselbrecht for electrochemical measurements.


[1] V. Balzani, S. Campagna, G. Denti, A. Juris, S. Serroni, M. Venturi,
Acc. Chem. Res. 1998, 31, 26–34.


[2] V. Balzani, P. Ceroni, A. Juris, M. Venturi, S. Campagna, F. Puntor-
iero, S. Serroni, Coord. Chem. Rev. 2001, 219, 545–572.


[3] A. Adronov, J. M. J. Frechet, Chem. Commun. 2000, 1701–1710.
[4] M. Fischer, F. Vçgtle, Angew. Chem. 1999, 111, 934–955; Angew.


Chem. Int. Ed. 1999, 38, 884–905.
[5] G. Bergamini, P. Ceroni, M. Maestri, V. Balzani, S. K. Lee, F.


Vçgtle, Photochem. Photobiol. Sci. 2004, 3, 898–905.
[6] G. Bergamini, C. Saudan, P. Ceroni, M. Maestri, V. Balzani, M.


Gorka, S. K. Lee, J. van Heyst, F. Vogtle, J. Am. Chem. Soc. 2004,
126, 16466–16471.


[7] A. D’Aleo, R. M. Williams, F. Osswald, P. Edamana, U. Hahn, J. van
Heyst, F. D. Tichelaar, F. Vogtle, L. De Cola, Adv. Funct. Mater.
2004, 14, 1167–1177.


[8] J. P. Cross, M. Lauz, P. D. Badger, S. Petoud, J. Am. Chem. Soc.
2004, 126, 16278–16279.


[9] T. Hasobe, P. V. Kamat, M. A. Absalom, Y. Kashiwagi, J. Sly, M. J.
Crossley, K. Hosomizu, H. Imahori, S. Fukuzumi, J. Phys. Chem. B
2004, 108, 12865–12872.


[10] D. Gust, T. A. Moore, A. L. Moore, Acc. Chem. Res. 2001, 34, 40–
48.


[11] L. C. Sun, L. Hammarstrçm, B. Rkermark, S. Styring, Chem. Soc.
Rev. 2001, 30, 36–49.


[12] J. Baffreau, L. Perrin, S. Leroy-Lhez, P. Hudhomme, Tetrahedron
Lett. 2005, 46, 4599–4603.


[13] R. Gomez, J. L. Segura, N. Martin, Org. Lett. 2005, 7, 717–720.
[14] A. J. Berresheim, M. Muller, K. Mullen, Chem. Rev. 1999, 99, 1747–


1785.
[15] J.-F. Nierengarten, N. Armaroli, G. Accorsi, Y. Rio, J.-F. Eckert,


Chem. Eur. J. 2003, 9, 36–41.
[16] N. Armaroli in Fullerenes: From Synthesis to Optoelectronic Proper-


ties (Eds.: D. M. Guldi, N. Martin), Kluwer Academic Publishers,
Dordrecht, 2002, pp. 137–162.


[17] G. Accorsi, N. Armaroli, J.-F. Eckert, J.-F. Nierengarten, Tetrahedron
Lett. 2002, 43, 65–68.


[18] J. L. Segura, R. Gomez, N. Martin, C. P. Luo, A. Swartz, D. M.
Guldi, Chem. Commun. 2001, 707–708.


[19] D. M. Guldi, A. Swartz, C. P. Luo, R. Gomez, J. L. Segura, N.
Martin, J. Am. Chem. Soc. 2002, 124, 10875–10886.


[20] F. Langa, M. J. GWmez-Escalonilla, E. DXez-Barra, J. C. GarcXa-Mar-
tXnez, A. de la Hoz, J. RodrXguez-LWpez, A. GonzYlez-CortHs, V.
LWpez-Arza, Tetrahedron Lett. 2001, 42, 3435–3438.


[21] A. G. Avent, P. R. Birkett, F. Paolucci, S. Roffia, R. Taylor, N. K.
Wachter, J. Chem. Soc. Perkin Trans. 2 2000, 1409–1414.


[22] M. Schwell, N. K. Wachter, J. H. Rice, J. P. Galaup, S. Leach, R.
Taylor, R. V. Bensasson, Chem. Phys. Lett. 2001, 339, 29–35.


Chem. Asian J. 2006, 1, 564 – 574 K 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 573


Structure-Dependent Photoinduced Electron Transfer in Fullerodendrimers







[23] J.-F. Eckert, J.-F. Nicoud, J.-F. Nierengarten, S.-G. Liu, L. Echegoy-
en, F. Barigelletti, N. Armaroli, L. Ouali, V. Krasnikov, G. Had-
ziioannou, J. Am. Chem. Soc. 2000, 122, 7467–7479.


[24] M. Prato, M. Maggini, Acc. Chem. Res. 1998, 31, 519–526.
[25] L. S. Chen, G. J. Chen, C. Tamborski, J. Organomet. Chem. 1981,


215, 281–291.
[26] P. de la Cruz, A. de la Hoz, L. M. Font, F. Langa, M. C. PHrez-RodrX-


guez, Tetrahedron Lett. 1998, 39, 6053–6056.
[27] The liquid-crystalline and thermal properties of 14, G3, 15, G4, and


16 were examined by polarized optical microscopy and differential
scanning calorimetry (DSC). In all cases, the optical textures ob-
tained from cooling the samples from the isotropic phase were char-
acteristic of columnar mesophases. The transition temperatures are
indicated in the Experimental Section.


[28] N. Armaroli, G. Accorsi, J.-P. Gisselbrecht, M. Gross, V. Krasnikov,
D. Tsamouras, G. Hadziioannou, M. J. Gomez-Escalonilla, F. Langa,
J.-F. Eckert, J.-F. Nierengarten, J. Mater. Chem. 2002, 12, 2077–2087.


[29] J.-F. Nierengarten, S. Zhang, A. Gegout, M. Urbani, N. Armaroli, G.
Marconi, Y. Rio, J. Org. Chem. 2005, 70, 7550–7557.


[30] J. S. de Melo, J. Pina, H. D. Burrows, S. Brocke, O. Herzog, E.
Thorn-Csanyi, Chem. Phys. Lett. 2004, 388, 236–241.


[31] M. Gutierrez-Nava, G. Accorsi, P. Masson, N. Armaroli, J.-F. Nier-
engarten, Chem. Eur. J. 2004, 10, 5076–5086.


[32] E. Peeters, P. A. van Hal, J. Knol, C. J. Brabec, N. S. Sariciftci, J. C.
Hummelen, R. A. J. Janssen, J. Phys. Chem. B 2000, 104, 10174–
10190.


[33] T. Gu, P. Ceroni, G. Marconi, N. Armaroli, J.-F. Nierengarten, J.
Org. Chem. 2001, 66, 6432–6439.


[34] The electrochemical properties of C60G1–C60G4 were investigated
by cyclic voltammetry in solutions of CH2Cl2 containing Bu4NPF6


(0.1m). For all the compounds, the first reduction centered on the
fullerene core was observed at about �1.09 V relative to Fc+/Fc and
the first oxidation centered on the OPV dendritic branch at about
+0.55 V relative to Fc+/Fc.


[35] V. Balzani, F. Scandola, Supramolecular Photochemistry, Ellis Hor-
wood, Chichester, 1991, pp. 44–45.


[36] R. A. Marcus, N. Sutin, Biochim. Biophys. Acta 1985, 811, 265–322.
[37] R. M. Williams, J. M. Zwier, J. W. Verhoeven, J. Am. Chem. Soc.


1995, 117, 4093–4099.
[38] M. Holler, F. Cardinali, H. Mamlouk, J.-F. Nierengarten, J.-P. Gissel-


brecht, M. Gross, Y. Rio, F. Barigelletti, N. Armaroli, Tetrahedron
2006, 62, 2060–2073.


[39] R. M. Williams, M. Koeberg, J. M. Lawson, Y. Z. An, Y. Rubin,
M. N. Paddon-Row, J. W. Verhoeven, J. Org. Chem. 1996, 61, 5055–
5062.


[40] J. Kroon, J. W. Verhoeven, M. N. Paddon-Row, A. M. Oliver,
Angew. Chem. 1991, 103, 1398–1401; Angew. Chem. Int. Ed. Engl.
1991, 30, 1358–1361.


[41] Distances measured by MM2-CS, Chem3D Ultra, CambridgeSoft,
Cambridge (USA), 2000.


[42] Y. Rio, G. Accorsi, H. Nierengarten, C. Bourgogne, J.-M. Strub, A.
Van Dorsselaer, N. Armaroli, J.-F. Nierengarten, Tetrahedron 2003,
59, 3833–3844.


[43] R. R. Hung, J. J. Grabowski, J. Phys. Chem. 1991, 95, 6073–6075.
[44] J. W. Arbogast, A. P. Darmanyan, C. S. Foote, Y. Rubin, F. N. Die-


derich, M. M. Alvarez, S. J. Anz, R. L. Whetten, J. Phys. Chem.
1991, 95, 11–12.


[45] F. Wilkinson, W. P. Helman, A. B. Ross, J. Phys. Chem. Ref. Data
1995, 24, 663–1021.


[46] R. V. Bensasson, E. Bienvenue, C. Fabre, J. M. Janot, E. J. Land, S.
Leach, V. Leboulaire, A. Rassat, S. Roux, P. Seta, Chem. Eur. J.
1998, 4, 270–278.


[47] R. Stackow, G. Schick, T. Jarrosson, Y. Rubin, C. S. Foote, J. Phys.
Chem. B 2000, 104, 7914–7918.


[48] R. V. Bensasson, M. Schwell, M. Fanti, N. K. Wachter, J. O. Lopez,
J.-M. Janot, P. R. Birkett, E. J. Land, S. Leach, P. Seta, R. Taylor, F.
Zerbetto, ChemPhysChem 2001, 2, 109–114.


[49] R. V. Bensasson, E. Bienvenue, J. M. Janot, E. J. Land, S. Leach, P.
Seta, Chem. Phys. Lett. 1998, 283, 221–226.


[50] A. P. Darmanyan, J. W. Arbogast, C. S. Foote, J. Phys. Chem. 1991,
95, 7308–7312.


[51] R. V. Bensasson, M. N. Berberan-Santos, M. Brettreich, J. Frederik-
sen, H. Gottinger, A. Hirsch, E. J. Land, S. Leach, D. J. McGarvey,
H. Schonberger, C. Schroder, Phys. Chem. Chem. Phys. 2001, 3,
4679–4683.


[52] Y. Rio, G. Accorsi, H. Nierengarten, J. L. Rehspringer, B. Honer-
lage, G. Kopitkovas, A. Chugreev, A. Van Dorsselaer, N. Armaroli,
J.-F. Nierengarten, New J. Chem. 2002, 26, 1146–1154.


[53] P. A. Liddell, G. Kodis, J. AndrHasson, L. de la Garza, S. Bandyopad-
hyay, R. H. Mitchell, T. A. Moore, A. L. Moore, D. Gust, J. Am.
Chem. Soc. 2004, 126, 4803–4811.


[54] S. Fratiloiu, L. P. Candeias, F. C. Grozema, J. Wildeman, L. D. A.
Siebbeles, J. Phys. Chem. B 2004, 108, 19967–19975.


[55] P. A. van Hal, R. A. J. Janssen, G. Lanzani, G. Cerullo, M. Zavelani-
Rossi, S. De Silvestri, Phys. Rev. B 2001, 64, 075206.


[56] H. Hoppe, M. Niggemann, C. Winder, J. Kraut, R. Hiesgen, A.
Hinsch, D. Meissner, N. S. Sariciftci, Adv. Funct. Mater. 2004, 14,
1005–1011.


[57] J. N. Demas, G. A. Crosby, J. Phys. Chem. 1971, 75, 991.
[58] K. Nakamaru, Bull. Chem. Soc. Jpn. 1982, 55, 2697–2705.
[59] S. R. Meech, D. Phillips, J. Photochem. 1983, 23, 193–217.
[60] E. Allard, J. Cousseau, J. Ordfflna, J. Garin, H. Luo, Y. Araki, O. Ito,


Phys. Chem. Chem. Phys. 2002, 4, 5944–5951.


Received: March 19, 2006
Published online: September 6, 2006


574 www.chemasianj.org K 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2006, 1, 564 – 574


FULL PAPERS
N. Armaroli, J.-F. Nierengarten et al.








DOI: 10.1002/asia.200600100


Stereospecific and Stereodivergent Construction of Tertiary and Quaternary
Carbon Centers through Switchable Directed/Nondirected Allylic


Substitution**


Bernhard Breit,*[a] Peter Demel,[a, b] Daniel Grauer,[a] and Christopher Studte[a]


Introduction


Reactions that build the skeleton of organic compounds are
the backbone of modern organic synthesis. In this respect,
carbon–carbon bond-forming reactions that allow a reliable
and predictable as well as a stereospecific construction of
tertiary and quaternary carbon centers are extremely desira-
ble but rare. Significant progress has been made employing
enantioselective catalytic methods, but still no general solu-
tion to this synthetic problem exists.[1]


An attractive alternative strategy is to start from a sub-
strate equipped with an easily accessible stereogenic center,
such as a secondary alcohol, which is subsequently trans-
formed in a stereospecific manner into an all-carbon-substi-
tuted one. Important examples are sigmatropic processes
such as the Claisen rearrangement, which allow a stereospe-


cific 1,3-transposition of a readily available enantiomerically
pure secondary or tertiary stereogenic allylic alcohol to a
tertiary or quaternary carbon center with excellent levels of
1,3-chirality transfer.[2] However, the nature of the sigma-
tropic process sets structural limitations on the type of
carbon nucleophile that can be transferred. In this respect,
allylic substitutions with organometallic carbon nucleophiles
could provide a more-general solution, provided that all as-
pects of selectivity can be controlled. Among the variety of
metal-catalyzed and -mediated allylic substitution reactions
known, only Cu-,[3] Ir-,[4] and Rh-catalyzed[5] variants display
a regio- and stereospecific relation between the stereogenic
center carrying the leaving group and the newly formed one.
However, both Ir- and Rh-catalyzed allylic substitutions are
restricted to the introduction of soft carbon and heteroatom
nucleophiles such as malonates, which again sets narrow lim-
itations on the type of carbon nucleophile that can be trans-
ferred. For this reason, the copper-catalyzed and -mediated
allylic substitutions became of particular interest to us as
they allow the introduction of hard nucleophiles, such as
alkyl, alkenyl, and aryl groups, into an existing skeleton.
Thus, the only limitation with respect to structural flexibility
is set in principle by the availability of the corresponding or-
ganometallic reagent.


Copper-mediated and -catalyzed allylic substitutions gen-
erally proceed by anti attack of the nucleophile with respect
to the leaving group.[3] Stereoelectronic reasons on the basis
of an optimal p ACHTUNGTRENNUNG(alkene)–Cu(d)–s*(C leaving group) orbital
overlap have been proposed as the origin of the anti stereo-


Abstract: This study introduces the
ortho-diphenylphosphanylbenzoate (o-
DPPB)/o-DPPB oxide system as a
switchable directing/nondirecting leav-
ing group in a copper-mediated allylic
substitution with Grignard and organo-
zinc reagents. With this system, the re-
gioselective, stereospecific, and stereo-
divergent construction of quaternary as


well as tertiary carbon centers is possi-
ble in a reliable and predictable fash-
ion. Starting from one substrate enan-


tiomer, both optical antipodes of the
substitution products are readily avail-
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and may be an interesting alternative,
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chemical course.[6] However, the simultaneous control of
regio- and stereochemistry is a difficult problem to solve,
and only a few successful examples are known.[7] Progress
has been made in employing substrate direction with the aid
of reagent-directing leaving groups, among which carba-
mates[8] and benzothiazoles[9] have proven useful. However,
control over double-bond geometry is often unsatisfactory,
and renders the chirality transfer incomplete.[3] Furthermore,
in many cases an excess of organometallic reagent has to be
used, which is undesirable, particularly if valuable organic
residues are to be transferred. We recently found a solution
to these problems by employing the ortho-diphenylphos-
ACHTUNGTRENNUNGphanylbenzoate group (o-DPPB) as a new reagent-directing
leaving group. Copper-mediated and -catalyzed allylic sub-
stitution with only stoichiometric amounts of Grignard re-
agents could be realized with excellent control of chemo-,
regio-, and stereoselectivity and with recovery of the direct-
ing group.[10] In an extension of this concept, enantioselec-
tive copper-mediated allylic substitution can be achieved by
employing a chiral variant of the o-DPPB leaving group, the
planar chiral ortho-diphenylphosphanylferrocene carboxyl-
ate.[11]


Herein we report in full detail on the regioselective, ste-
reospecific, and stereodivergent construction of quaternary
as well as tertiary carbon stereocenters with o-DPPB-direct-
ed and copper-mediated allylic substitution with Grignard
reagents.[12] Specifically, we show that the stereochemical
outcome of these reactions can be reversed by an oxidative
on/off switch of the directing power of the o-DPPB group.
This allows the preparation of both optical antipodes of the
substitution product starting from a single substrate enantio-
mer (Scheme 1).


Results and Discussion


We began by probing our concept for the construction of
tertiary stereogenic centers. Thus, starting from allylic o-
DPPB ester (�)-1, which is readily available on a multigram
scale via a sequence of enzyme resolutions and esterifica-
tions as described previously,[2c–e] a series of directed and
copper-mediated allylic substitutions with a variety of
Grignard reagents was studied (Table 1). The directed allylic
substitution proceeded in all cases with excellent regioselec-
tivity and 1,3-chirality transfer (Table 1, entries 1–6). Only
in the case of the sterically demanding tert-butyl Grignard
reagent was the stereoselectivity lower. In all cases, starting
from (�)-1, the reaction followed the directed syn-SN2’ path-
way. This was verified upon determination of absolute con-
figuration at the stage of the alcohols 4 obtained from oxi-


Scheme 1. Concept of stereodivergent allylic substitution with organo-
ACHTUNGTRENNUNGcopper reagents for the stereospecific construction of quaternary carbon
ACHTUNGTRENNUNGcenters by employing a switchable directing/nondirecting leaving group.
ACHTUNGTRENNUNGLn=unspecified additional ligand(s).


Table 1. Stereospecific and stereodivergent formation of tertiary carbon
centers through switchable directed/nondirected allylic substitution.


Entry Substrate R SN2’/
SN2[a]


Product
ACHTUNGTRENNUNG(ee [%])[b]


CT
[%][c]


Yield
[%][d]


1 (�)-1 nBu 98:2 (+)-2a
(97)


99 96


2 (�)-1 3-pentyl 97:3 (+)-2b
(95)


99 90


3 (�)-1 tBu 97:3 (+)-2c
(80)


82 96


4 (�)-1 Ph 98:2 (�)-2d
(94)


97 94


5 (�)-1 Bn 97:3 (+)-2e
(93)


96 97


6 (�)-1 4-pentenyl 95:5 (+)-2 f
(94)


97 80


7 (�)-3 nBu 94:6 (�)-2a
(97)


100 92


8 (�)-3 tBu 75:25 (�)-2c
(74)


76 68


9 (�)-3 Ph 93:7 (+)-2d
(94)


97 86


[a] Determined by GC. The E/Z ratio was >99:1 in all cases as
ACHTUNGTRENNUNGdetermined by GC. [b] Determined by chiral GC after derivatization to
ACHTUNGTRENNUNGalcohols 4. [c] CT=chirality transfer calculated on the basis of 99% ee
ACHTUNGTRENNUNGand an E/Z ratio of 99:1 of the starting material ((�)-1 and (�)-3)
ACHTUNGTRENNUNGdetermined by HPLC. [d] Yield of isolated product.
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dative cleavage of the alkene function of 2 through ozonoly-
sis followed by reductive workup with NaBH4 [Eq. (1)].


In the case of the 4-pentenyl-functionalized substitution
product (+)-2 f, the ee value was determined after derivati-
zation to the C1 chain-elongated aldehyde (+)-5 ([Eq. (2)];
acac=acetylacetonato). This was achieved upon chemo- and


regioselective hydroformylation of the terminal alkene func-
tion of (+)-2 f with our recently developed 6-diphenylphos-
phanylpyridin-2ACHTUNGTRENNUNG(1H)-one (6-DPPon)/rhodium catalyst at
room temperature under syngas atmosphere at ambient
pressure.[13]


To gain access to the optical antipodes of the substitution
products 2 starting from the same allylic o-DPPB ester sub-
strate (�)-1, the stereochemistry of the allylic substitution
has to be reversed from a directed syn-substitution pathway
to a nondirected anti attack of the nucleophile with respect
to the leaving group. For this reason, the directing power of
the o-DPPB function has to be turned off. Hence, the phos-
phane function of (�)-1 was oxidized quantitatively with hy-
drogen peroxide to the phosphane oxide (�)-3, in which the
ability of the o-DPPB group to coordinate the copper re-
agent is supressed. Furthermore, changing the ortho-phos-
phino group to a phosphane increases the leaving capability
of the benzoate group significantly.


In fact, reaction of (�)-3 with an organocopper reagent
derived in situ from the reaction of CuCN·2LiCl (1.2 equiv)
and Zn ACHTUNGTRENNUNG(nBu)2 (2.4 equiv) in THF furnished in excellent
yield and regio- and stereoselectivity the optical antipode
(�)-2a (Table 1, entry 7). Hence, the reaction proceeded by
a nondirected anti-SN2’ substitution mode. Although the
transfer of a phenyl group occurred with similar levels of ef-
ficiency, the tert-butyl substituent again marks a limitation
of this methodology (Table 1, entries 8 and 9).


To explore the possibility for stereoselective construction
of quaternary carbon centers, the o-DPPB esters (�)-6a and
(�)-6b were chosen. These substrates are synthetically inter-
esting for two reasons. First, they are readily available from
the chiral pool (d-mannitol),[14] and second, the resulting al-
lylic substitution products are equipped with the appropriate
functionalities to allow a flexible incorporation of the qua-


ternary stereocenter into the desired carbon skeleton
(Table 2).


The reactions of PMB ether derivative (�)-6a with a
range of Grignard reagents in the presence of CuBr·SMe2


(0.5 equiv) proceeded smoothly with excellent regio- and
stereoselectivity (Table 2, entries 1–4). Hence, a perfect chir-
ality transfer was obtained upon construction of quaternary
carbon centers (Table 2, entries 2–4). However, when a
benzyl Grignard reagent was employed, the chirality trans-
fer decreased slightly to 91% (Table 2, entry 5). The abso-
lute configuration of the substitution products was deter-
mined upon transformation of (�)-7b to the known ester
(�)-9 (ACHTUNGTRENNUNG[Eq. (3)]; DDQ=2,3-dichloro-5,6-dicyano-p-benzo-
quinone).[7b]


Next, allylic substitution with (�)-6b was examined. Here
the problem of a thermodynamically unfavorable enoate de-
conjugation combines with that of chemoselectivity caused
by the additional ethyl ester functionality (allylic substitu-
tion vs. conjugate addition).[3,7a,b] Interestingly, the directed
allylic substitution occurred with complete chemo-, regio-,
and stereoselectivity and with excellent chirality transfer to
give the substitution products (�)-7g–i (Table 2, entries 7–
9).


To gain access to the optical antipodes (+)-7g–i, the o-
DPPB function was oxidized to the corresponding phos-
phane oxide (�)-8 to suppress the directing abilities of the
phosphane function and to increase the leaving capability of
the benzoate group. Thus, treatment of (�)-8 with a copper
reagent prepared in situ from the appropriate dialkylzinc re-
agent (2.4 equiv) in the presence of CuCN·2LiCl (1.2 equiv)
in THF furnished the anti-SN2’ products (+)-7g–i in good
yield with perfect regioselectivity and excellent 1,3-anti-chir-
ality transfer.[15] Interestingly, when (�)-6b was subjected to
the reaction conditions for entries 10–12 of Table 2, allylic
substitution did not occur even after warming to room tem-
perature and prolonged reaction time (24 h). The oxidation
of the phosphane function to the phosphane oxide therefore
serves two purposes. First, it switches off the directing
power of the phosphane function and thus suppresses the di-
rected syn-substitution pathway. Second, it enhances the
leaving capability of the benzoate group towards the nondir-
ected anti-substitution pathway.


Besides acyclic substrates, this methodology is also appli-
cable to cyclic substrates with similar efficiency. This is
shown for the stereodivergent directed/nondirected substitu-
tion of the six-membered ring systems (�)-10a,b and
(�)-11a,b (Table 3).
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Conclusions


This study introduces the o-DPPB/o-DPPB oxide system as
a switchable directing/nondirecting leaving group in copper-
mediated allylic substitution with Grignard and organozinc
reagents. With this system, the regioselective, stereospecific,
and stereodivergent construction of quaternary as well as
tertiary carbon centers is possible in a reliable and predicta-
ble fashion. Hence, starting from one substrate enantiomer,
both optical antipodes of the substitution product are readi-
ly available. If the allylic substitution reaction is followed by
an oxidative cleavage of the alkene function, a-chiral car-
bonyl derivatives are obtained, which are the typical prod-
ucts of an enolate alkylation. Hence, the stereospecific allyl-


Table 2. Stereospecific and stereodivergent formation of quaternary carbon
centers through switchable directed/nondirected allylic substitution of acyclic
substrates.


Entry[a] Substrate
ACHTUNGTRENNUNG(ee [%])[b]


R SN2’/SN2[c] E/Z[c] Product
ACHTUNGTRENNUNG(ee [%])[c]


CT
[%][d]


Yield
[%][e]


1 (�)-6a
(94)


Me >95:5 >95: 5 7a – 72


2 (�)-6a
(94)


Et >99:1 >99: 1 (�)-7b
ACHTUNGTRENNUNG(94%)


100 86


3 (�)-6a
(93)


nBu >99:1 >99: 1 (�)-7c
ACHTUNGTRENNUNG(93%)


100 99


4 (�)-6a
(93)


iPr >99:1 >99: 1 (�)-7d
ACHTUNGTRENNUNG(93%)


100 89


5[f] (�)-6a
(93)


Bn >99: 1 >99: 1 (�)-7e
ACHTUNGTRENNUNG(85%)


91 53


6 (�)-6a
(92)


tBu 14: 86[g] 80: 20[g] 7 f
ACHTUNGTRENNUNG(n.d.)


n.d. 90


7 (�)-6b
ACHTUNGTRENNUNG(>99)


Et >99: 1 >99: 1 (�)-7g
ACHTUNGTRENNUNG(98%)


98 84


8 (�)-6b
ACHTUNGTRENNUNG(>99)


nBu >99: 1 >99: 1 (�)-7h
ACHTUNGTRENNUNG(97%)


98 87


9 (�)-6b
ACHTUNGTRENNUNG(>99)


iPr >99: 1 >99: 1 (�)-7 i
ACHTUNGTRENNUNG(97%)


98 84


10 (�)-8
ACHTUNGTRENNUNG(>99)


Et >99: 1 >99: 1 (+)-7g
ACHTUNGTRENNUNG(99%)


100 85


11 (�)-8
ACHTUNGTRENNUNG(>99)


nBu >98: 2 >98: 2 (+)-7h
ACHTUNGTRENNUNG(99%)


100 87


12 (�)-8
ACHTUNGTRENNUNG(>99)


iPr 97: 3 >95: 5 (+)-7 i
ACHTUNGTRENNUNG(>99%)


100 94


[a] All reactions were performed in diethyl ether (c=0.05m with respect to
the o-DPPB ester). The Grignard reagents (c=0.76–1.23m in diethyl ether)
were added to the reaction mixture with a syringe pump over a period of 15–
20 min. [b] The o-DPPB esters were prepared from the corresponding allylic
alcohols;[14] see Experimental Section for details. The enantiomeric excess
was determined by HPLC analysis after TBDPS deprotection at the stage of
the corresponding allylic alcohol (6a : Chiralpak-AD; 6b : Chiralcel-OD-H).
[c] Determined by 1H NMR spectroscopy (entry 1) or HPLC analysis (en-
tries 2, 3, 5, 7, 9: Chiralcel-OD-H; entry 4: Chiralpak-AD after removal of
the TBDMS group; entries 9, 12: Chiralcel-OD-H after removal of the
TBDPS group). [d] CT was calculated as CT= [ee(7)/ee ACHTUNGTRENNUNG(6 or 8)]P100%.
[e] Yield of isolated product after chromatographic purification. [f] c ACHTUNGTRENNUNG(6a)=
0.01m in ether; the Grignard reagent (c=0.07m in diethyl ether) was added
over a period of 90 min. [g] Product ratios were determined by 1H NMR
spectroscopy. PMB=p-methoxybenzyl, TBDMS= tert-butyldimethylsilyl,
TBDPS= tert-butyldiphenylsilyl, n.d.=not determined.


Table 3. Stereospecific and stereodivergent formation of quaternary
carbon centers through switchable directed/nondirected allylic substitu-
tion of cyclic substrates.


Entry Substrate
ACHTUNGTRENNUNG(ee [%])[a]


R SN2’/SN2[b] Product
ACHTUNGTRENNUNG(ee [%])[b]


CT
[%][c]


Yield
[%][d]


1 (�)-10a (97) Me 99:1 (+)-12a (96) 99 >95
2 (�)-10a (97) nBu >99: 1 (+)-12b (96) 99 >95
3 (�)-10a (97) iPr 98: 2 (�)-12c (96) 99 >95
4 (�)-10a (97) Ph 40: 60 (�)-12d (92) 95 >95
5 (�)-11a (94) Et 96: 4 (�)-12a (91) 97 >95
6 (�)-11a (94) nBu 98: 2 (+)-13a (94) 100 >95
7 (�)-11a (94) iPr 96: 4 (�)-13b (91) 97 >95
8 (�)-11a (94) Ph 41: 59 (+)-13c (82) 87 >95
9 (�)-10b (97) Me 99: 1 (�)-12a (93) 96 >95
10 (�)-10b (97) nBu >99: 1 (�)-12b (96) 99 >95
11 (�)-10b (97) iPr 97: 3 (+)-12c (94) 97 >95
12 (�)-11b (94) Et >99: 1 (+)-12a (93) 99 >95
13 (�)-11b (94) nBu 99: 1 (�)-13a (94) 100 >95
14 (�)-11b (94) iPr 99: 1 (+)-13b (93) 99 >95


[a] The o-DPPB esters were prepared from the corresponding allylic al-
cohols following an esterification protocol reported previously.[10] The en-
antiomeric excess was determined by HPLC analysis (10a : Chiralpak-
AD-H; 11a : Chiralcel-OD-H). [b] Determined by 1H NMR spectroscopy
and GC analysis (see Experimental Section). [c] CT was calculated as
CT= [ee(12)/ee ACHTUNGTRENNUNG(10 or 11)]P100%. [d] Yield from GC.
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ic substitution reported herein features reversed polarity
compared to enolate alkylation methodology and may be an
interesting alternative, particularly for the construction of
quaternary carbon centers.


Experimental Section


General Remarks


Reactions were performed in flame-dried glassware under argon (purity
>99.998%). The solvents were dried by standard procedures, distilled,
and stored under argon. All temperatures quoted were not corrected. 1H
and 13C NMR spectra were recorded on Bruker AM-400 or Bruker
DRX-500 spectrometers with tetramethylsilane (TMS), chloroform
(CHCl3), or benzene (C6H6) as internal standards. 31P NMR spectra were
recorded on a Varian Mercury 300 spectrometer with H3PO4 (85%) as
external standard. Melting points were determined with a melting-point
apparatus by Dr. Tottoli (B6chi). Elemental analyses were performed on
an Elementar Vario EL instrument. Flash chromatography was per-
formed over silica gel (Si 60, E. Merck AG, Darmstadt, 40–63 mm). Re-
versed-phase silica-gel chromatography: Polygoprep 100–50 C18 (Ma-
cherey–Nagel).


The following compounds were prepared following literature procedures:
ortho-diphenylphosphanylbenzoic acid (o-DPPBA)[16] and (�)-1.[10c,e]


General Procedure for the Synthesis of o-DPPB Esters: the Steglich
Protocol[17]


o-DPPBA (1 equiv), 4-dimethylaminopyridine (DMAP; 1 equiv), and di-
cyclohexylcarbodiimide (DCC; 1 equiv) were added successively to a so-
lution of the allylic alcohol (1 equiv) in CH2Cl2 (0.5m). The resulting mix-
ture was stirred at ambient temperature until TLC showed complete con-
sumption of the starting material. The reaction mixture was filtered
through a plug of CH2Cl2-wetted celite and washed with additional
CH2Cl2. An appropriate amount of silica gel was added to the filtrate,
which was then concentrated to dryness. Flash chromatography with pe-
troleum ether/ethyl acetate provided the o-DPPB esters as slightly
yellow to colorless, highly viscous oils or solids.


(�)-6a : (+)-1-tert-Butyldimethylsilanyloxy-5-(4-methoxybenzyloxy)-4-
methylpent-3-en-2-ol[14,18] (267 mg, 0.76 mmol, 95% ee) gave (�)-6a
(424 mg, 0.65 mmol, 85%) as a yellowish, highly viscous oil. [a]23


D =�6.5
(c=1.02, CHCl3, ee=95%); 1H NMR (300.064 MHz, CDCl3): d=0.00 (s,
6H), 0.84 (s, 9H), 1.70 (d, J=0.7 Hz, 3H), 3.54 (dd, J=10.5, 5.4 Hz, 1H),
3.64 (dd, J=10.6, 6.2 Hz, 1H), 3.80 (s, 3H), 3.83 (s, 2H), 4.37 (s, 2H),
5.36 (dq, J=8.9, 1.0 Hz, 1H), 5.73 (dpt, J=8.9, 5.8 Hz, 1H), 6.86 (m,
2H), 6.91 (m, 1H), 7.25 (m, 2H), 7.22–7.33 (m, 10H), 7.37 (m, 2H),
8.08 ppm (m, 1H); 13C NMR (100.614 MHz, CDCl3): d=�5.3 (2C), 14.7,
18.3, 25.9 (3C), 55.4, 64.5, 71.4, 72.5, 74.8, 113.9 (2C), 122.6, 128.2, 128.4,
128.5 (d, JC,P=4.4 Hz, 2C), 128.5 (d, JC,P=4.4 Hz, 2C), 129.5 (2C), 130.6,
130.8 (d, JC,P=8.7 Hz, 2C), 131.8, 133.9 (d, JC,P=2.9 Hz, 2C), 134.1,
134.4, 135.0 (d, JC,P=18.9 Hz), 138.2, 138.3 (d, JC,P=5.8 Hz), 138.4, 138.6,
140.3 (d, JC,P=27.6 Hz), 159.3, 166.1 ppm; 31P NMR (121.468 MHz,
CDCl3): d=�3.9 ppm; elemental analysis: calcd (%) for C39H47O5PSi
(654.85): C 71.53, H 7.23; found: C 71.31, H 7.18.


rac-6a : A mixture of rac-1-tert-butyldimethylsilanyloxy-5-(4-methoxyben-
zyloxy)-4-methylpent-3-en-2-ol (prepared from the enantiomerically pure
allylic alcohol through sequential oxidation with Dess–Martin periodi-
nane followed by reduction with NaBH4 in MeOH) (70 mg, 0.2 mmol),
DMAP (24 mg, 0.2 mmol), o-DPPBA (61 mg, 0.2 mmol), and DCC
(41 mg, 0.2 mmol) gave rac-6a (126 mg, 96%).


(�)-6b : (�)-(S,E)-ethyl 5-tert-butyldiphenylsilanyloxy-4-hydroxy-2-meth-
ylpent-2-enoate[19] (385 mg, 0.93 mmol, >99.5% ee) gave (�)-6b
(619 mg, 95%) as a yellowish glass. [a]20


D =�11.1 (c=1.62, CHCl3);
1H NMR (400.136 MHz, CDCl3): d=1.00 (s, 9H), 1.29 (t, J=6.9 Hz, 3H),
1.79 (m, 3H), 3.63 (dd, J=10.8, 4.7 Hz, 1H), 3.75 (dd, J=10.8, 6.0 Hz,
1H), 4.19 (m, 2H), 5.81 (dt, J=8.6, 5.6 Hz, 1H), 6.56 (m, 1H), 6.91 (m,
1H), 7.19–7.42 (m, 18H), 7.62 (d, J=6.9 Hz, 4H), 8.08 ppm (m, 1H);


13C NMR (100.624 MHz, CDCl3): d=13.2, 14.2, 19.1, 26.7 (3C), 60.7,
64.5, 72.1, 127.7 (2C), 128.1, 128.4 (d, JC,P=7.3 Hz, 4C), 128.5 (2C), 129.7
(4C), 130.8 (d, JC,P=2.9 Hz), 132.0, 132.1, 133.1 (2C), 133.9 (d, JC,P=


20.3 Hz, 4C), 134.2 (m), 134.3, 135.4, 135.57 (2C), 135.61 (2C), 138.0 (d,
JC,P=11.6 Hz, 2C), 140.6 (d, JC,P=27.6 Hz), 165.8, 167.3 ppm; 31P NMR
(121.449 MHz, CDCl3): d=�4.4 ppm; elemental analysis: calcd (%) for
C43H45O5PSi (700.87): C 73.69, H 6.47; found: C 73.66, H 6.46.


rac-6b : A mixture of rac-ethyl 5-tert-butyldiphenylsilanyloxy-4-hydroxy-
2-methylpent-2-enoate (prepared from the enantiomerically pure allylic
alcohol through sequential oxidation with pyridinium chlorochromate
(PCC) on Al2O3 followed by reduction with NaBH4 in MeOH) (131 mg,
0.318 mmol), DMAP (39 mg, 0.318 mmol), o-DPPBA (97 mg,
0.318 mmol), and DCC (66 mg, 0.318 mmol) gave rac-6b (182 mg, 82%).


(�)-10a : A mixture of (�)-(S)-3-ethylcyclohex-2-en-1-ol[20] (300 mg,
2.38 mmol), o-DPPBA (800 mg, 2.61 mmol), DCC (564 mg, 2.73 mmol),
and DMAP (291 mg, 2.38 mmol) in CH2Cl2 (9.5 mL) with 16 h reaction
time followed by purification by flash chromatography with cyclohexane/
ethyl acetate (20:1) gave (�)-10a (874 mg, 89%, 97% ee) as a yellowish,
highly viscous oil. [a]20


D =�99.4 (c=3.5 in CHCl3);
1H NMR


(300.064 MHz, CDCl3): d=0.98 (t, J=7.4 Hz, 3H, CH2CH3), 1.58–1.75
(m, 4H, 4/6-H, 5-H), 1.89–1.95 (m, 2H, 4/6-H), 1.97 (q, J=7.4 Hz, 2H,
CH2CH3), 5.40 (m, 2H, 1-H, 2-H), 6.90 (m, 1H, Ar-H), 7.23–7.41 (m,
12H, Ar-H), 8.04 ppm (m, 1H, Ar-H); 13C NMR (75.451 MHz, CDCl3):
d=12.0 (CH2CH3), 19.2 (C5), 28.3 (C4), 28.4 (CH2CH3), 30.4 (C6), 70.1
(C1), 118.3 (C2), 128.2 (Ar-C), 128.48 (d, JC,P=10.7 Hz, 2C, Ar-C),
128.49 (d, JC,P=10.9 Hz, 2C, Ar-C), 128.51 (2C, Ar-C), 130.6 (d, JC,P=


2.9 Hz, Ar-C), 131.7 (Ar-C), 134.0 (d, JC,P=20.4 Hz, 2C, Ar-C), 134.1 (d,
JC,P=20.7 Hz, 2C, Ar-C), 134.3 (Ar-C), 135.6 (Ar-C), 138.30 (d, JC,P=


11.5 Hz, Ar-C), 138.32 (d, JC,P=11.8 Hz, Ar-C), 140.1 (d, JC,P=26.2 Hz,
Ar-C), 146.1 (C3), 166.8 ppm (d, JC,P=2.3 Hz, Ar-COOR); 31P NMR
(121.468 MHz, CDCl3): d=�4.7 ppm; elemental analysis: calcd (%) for
C27H27O2P (414.48): C 78.24, H 6.57; found: C 78.12, H 6.74; HPLC
(DAICEL Chiralpak AD-H, 0.46P25 cm, 0.8 mLmin�1, n-heptane/iso-
propanol=100:1, 40 8C, 260 nm): tR(+)-10a : 14.95 min (1.3%), tR(�)-
10a : 15.89 min (98.7%).


rac-10a : A mixture of rac-3-ethylcyclohex-2-en-1-ol (150 mg, 1.19 mmol),
DMAP (145 mg, 1.19 mmol), o-DPPBA (400 mg, 1.31 mmol), and DCC
(282 mg, 1.37 mmol) in CH2Cl2 (5 mL) gave rac-10a (425 mg, 86%).


(�)-11a : A mixture of (�)-(S)-3-methylcyclohex-2-en-1-ol[20] (466 mg,
4.15 mmol), o-DPPBA (1.35 g, 4.36 mmol), DCC (942 mg, 4.57 mmol),
and DMAP (507 mg, 4.15 mmol) in CH2Cl2 (17 mL) with 20 h reaction
time followed by purification by flash chromatography with cyclohexane/
ethyl acetate (20:1) gave (�)-11a (1.30 g, 78%, 94% ee) as a yellowish,
highly viscous oil. [a]20


D =�109.0 (c=2.33 in CHCl3);
1H NMR


(400.136 MHz, CDCl3): d=1.50–1.59 (m, 1H, 6-H1), 1.67 (s, 3H, 3-CH3),
1.60–1.77 (m, 3H, 5-H, 6-H2), 1.82–1.97 (m, 2H, 4-H), 5.37 (m, 1H, 1-H),
5.40 (m, 1H, 2-H), 6.91 (m, 1H, Ar-H), 7.24–7.33 (m, 10H, Ar-H), 7.36
(m, 2H, Ar-H), 8.04 ppm (m, 1H, Ar-H); 13C NMR (100.624 MHz,
CDCl3): d=19.2 (C5), 23.8 (3-CH3), 28.0 (C6), 30.0 (C4), 70.0 (C1), 120.1
(C2), 128.2 (Ar-C), 128.5 (d, JC,P=7.3 Hz, 4C, Ar-C), 128.6 (2C, Ar-C),
130.7 (d, JC,P=2.9 Hz, 2C, Ar-C), 131.7 (Ar-C), 134.0 (d, JC,P=20.3 Hz,
2C, Ar-C), 134.1 (d, JC,P=20.4 Hz, 2C, Ar-C), 134.3 (Ar-C), 135.5 (d,
JC,P=18.9 Hz, Ar-C), 138.3 (d, JC,P=11.6 Hz, Ar-C), 140.1 (d, JC,P=


26.2 Hz, Ar-C), 140.9 (C3), 166.8 ppm (d, JC,P=2.3 Hz, Ar-COOR);
31P NMR (121.468 MHz, CDCl3): d=�4.6 ppm; elemental analysis: calcd
(%) for C26H25O2P (400.45): C 77.98, H 6.29; found: C 77.75, H 6.11;
HPLC (DAICEL Chiralpak OD-H, 0.46P25 cm, 0.8 mLmin�1, n-hep-
tane/isopropanol=200:1, 22 8C, 260 nm): tR(+)-11a : 11.07 min (3.0%),
tR(�)-11a : 16.19 min (97.0%).


rac-11a : A mixture of rac-3-methylcyclohex-2-en-1-ol (112 mg,
1.0 mmol), DMAP (122 mg, 1.0 mmol), o-DPPBA (337 mg, 1.31 mmol),
and DCC (237 mg, 1.37 mmol) in CH2Cl2 (4 mL) gave rac-11a (375 mg,
94%).


General Procedure for the Preparation of o-DPPB Oxides


Aqueous H2O2 (35%, 10 equiv) was added to a magnetically stirred solu-
tion of the corresponding o-DPPB ester (1.0 equiv) in dichloromethane
(0.1m) at room temperature. After 2 h, tert-butyl methyl ether was added
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(40 mLmmol�1), and the organic phase was washed with water until free
of H2O2 (peroxide test sticks from Merck, Darmstadt). The combined
aqueous phases were extracted with tert-butyl methyl ether (2P
40 mLmmol�1), and the combined organic phases were dried (MgSO4).
Evaporation of the solvent gave the analytically pure phosphane oxides.


(�)-3 : (�)-(E)-hex-4-en-3-ol[10c,e] (2.67 g, 6.95 mmol) gave, after recrystal-
lization from petroleum ether/dichloromethane (1:1), (�)-3 (2.59 g,
6.48 mmol) as a colorless crystalline solid. [a]20


D =�4.6 (c=2.0, CHCl3);
1H NMR (400.130 MHz, CDCl3): d=0.66 (t, 3J=7.4 Hz, 3H, 1-CH3), 1.37
(m, 2H, 2-CH2), 1.55 (dd, 3J=6.4 Hz, 4J=1.6 Hz, 3H, 6-CH3), 4.90 (dt,
3J=6.8 Hz, 3J=7.0 Hz, 1H, 3-CH), 5.10 (ddq, 3J=15.3 Hz, 3J=7.7 Hz,
4J=1.7 Hz, 1H, 4-CH), 5.50 (dqd, 3J=15.3 Hz, 3J=6.5 Hz, 4J=0.9, 1H, 5-
CH), 7.32–7.38 (m, 4H, Ar-H), 7.40–7.49 (m, 3H, Ar-H), 7.51–7.68 (m,
6H, Ar-H), 7.86–7.90 ppm (m, 1H, Ar-H); 13C NMR (125.741 MHz,
CDCl3): d=9.6 (C1), 17.7 (C6), 26.9 (C2), 78.0 (C3), 128.2 (d, JC,P=


2.2 Hz, 2C, Ar), 128.9 (d, JC,P=2.2 Hz, 2C, Ar), 128.7 (C5), 129.6 (C4),
130.6 (d, JC,P=8.7 Hz, 2C, Ar), 131.0 (d, JC,P=11.6 Hz, 2C, Ar), 131.5,
131.8 (d, JC,P=2.7 Hz, Ar), 131.9 (d, JC,P=3.9 Hz, 2C, Ar), 132.0 (d, JC,P=


3.6 Hz, 2C, Ar), 132.8, 132.9 (d, JC,P=4.6 Hz, Cq), 134.0 (d, JC,P=4.8 Hz,
Cq), 135.1 (d, JC,P=10.1, 2C, Ar), 136.2 (d, JC,P=6.3, Cq), 165.8 ppm (d,
JC,P=2.7 Hz, C=O); 31P NMR (161.976 MHz, CDCl3): d=31.4 ppm; ele-
mental analysis: calcd (%) for C25H25O3P (404.44): C 74.24, H 6.29;
found: C 74.11, H 6.23; HPLC (DAICEL Chiralpak AD-H, 0.46P25 cm,
0.8 mLmin�1, n-heptane/methanol=100:1, 22 8C, 224 nm): tR(�)-(Z)-11a :
41.48 min (0.57%), tR(+)-(E)-11a : 44.19 min (1.21%); tR(�)-(E)-11a :
48.60 min (98.31%).


(�)-8 : o-DPPB ester (�)-6b (1.538 g, 2.19 mmol) gave (�)-8 (1.556 g,
>99%) as a colorless, highly viscous glass. [a]20


D =�5.0 (c=1.6 in
CHCl3);


1H NMR (400.136 MHz, CDCl3): d=0.99 (s, 9H), 1.30 (t, J=
7.34 Hz, 3H), 1.74 (s, 3H), 3.47 (dd, J=10.7, 5.6 Hz, 1H), 3.65 (dd, J=
10.7, 6.0 Hz, 1H), 4.20 (m, 2H), 5.52 (ptd, J=9.0, 5.6 Hz, 1H), 6.44 (dd,
J=9.0, 1.3 Hz, 1H), 7.29–7.44 (m, 12H), 7.59 (m, 10H), 7.76 (m, 1H),
7.94 ppm (m, 1H); 13C NMR (100.624 MHz, CDCl3): d=13.2, 14.2, 19.1,
26.7 (3C), 60.7, 64.2, 72.3, 127.67 (2C), 127.70, 128.1 (d, JC,P=11.6 Hz,
4C), 129.8 (4C), 130.6 (d, JC,P=8.7 Hz), 131.2 (d, JC,P=11.6 Hz), 131.4 (d,
JC,P=2.9 Hz), 131.7 (d, JC,P=2.9 Hz), 131.85 (d, JC,P=10.1 Hz, 2C), 131.88
(d, JC,P=10.1 Hz, 2C), 132.1, 132.4, 132.8 (d, JC,P=5.8 Hz), 133.1 (2C),
133.4, 133.9 (d, JC,P=5.8 Hz), 135.1–135.6 (m, 2C), 135.55 (2C), 135.61
(2C), 165.5 (d, JC,P=2.9 Hz), 167.3 ppm; 31P NMR (121.474 MHz,
CDCl3): d=31.3 ppm; elemental analysis: calcd (%) for C43H45O6PSi
(716.87): C 72.04, H 6.33; found (%) C 71.88, H 6.15.


(�)-10b : o-DPPB ester (�)-10a (415 mg, 1.00 mmol, 97% ee) gave (�)-
10b (425 mg, 99%) as a colorless glass. [a]20


D =�67.1 (c=2.58, CHCl3);
1H NMR (400.136 MHz, CDCl3): d=0.95 (t, J=7.3 Hz, 3H, CH2CH3),
1.46–1.65 (m, 4H, 4/6-H, 5-H), 1.83–1.91 (m, 2H, 4/6-H), 1.92 (q, J=
7.3 Hz, 2H, CH2CH3), 5.10 (m, 1H, 1-H), 5.23 (m, 1H, 2-H), 7.40–7.44
(m, 4H, Ar-H), 7.47–7.55 (m, 3H, Ar-H), 7.59 (m, 1H, Ar-H), 7.67 (m,
4H, Ar-H), 7.75 (m, 1H, Ar-H), 7.88 ppm (m, 1H, Ar-H); 13C NMR
(100.624 MHz, CDCl3): d=12.0 (CH2CH3), 19.2 (C5), 27.9 (CH2CH3),
28.3, 30.4, 70.8, 118.1, 128.2 (d, JC,P=11.6 Hz, 4C, Ar-C), 130.4 (d, JC,P=


8.7 Hz, 2C, Ar-C), 130.8 (d, JC,P=11.6 Hz, 2C, Ar-C), 131.5 (2C, Ar-C),
131.8 (Ar-C), 132.12 (d, JC,P=10.2 Hz, 2C, Ar-C), 132.16 (d, JC,P=


10.1 Hz, 2C, Ar-C), 135.0 (d, JC,P=10.2 Hz, 2C, Ar-C), 136.7 (d, JC,P=


7.3 Hz, Ar-C), 146.2, 166.8 ppm (d, JC,P=2.9 Hz, COOR); 31P NMR
(121.468 MHz, CDCl3): d=31.4 ppm; elemental analysis: calcd (%) for
C27H27O3P (430.48): C 75.33, H 6.32; found: C 75.01, H 6.29.


(�)-11b : o-DPPB ester (�)-11a (400 mg, 1.00 mmol, 94% ee) gave (�)-
11b (413 mg, 99%). [a]20


D =�82.4 (c=3.07, CHCl3);
1H NMR


(400.136 MHz, CDCl3): d=1.43–1.61 (m, 4H, 4/6-H, 5-H), 1.62 (s, 1H, 3-
CH3), 1.76–1.90 (m, 2H, 4/6-H), 5.08 (m, 1H, 1-H), 5.22 (m, 1H, 2-H),
7.42 (m, 4H, Ar-H), 7.51 (m, 3H, Ar-H), 7.59 (m, 1H, Ar-H), 7.66 (m,
4H, Ar-H), 7.72 (m, 1H, Ar-H), 7.89 ppm (m, 1H, Ar-H); 13C NMR
(100.624 MHz, CDCl3): d=19.1, 23.7, 27.5, 29.9, 70.7, 119.8, 128.2 (d,
JC,P=11.6 Hz, 4C, Ar-C), 130.4 (d, JC,P=7.3 Hz, 2C, Ar-C), 130.8 (d,
JC,P=11.6 Hz, 2C, Ar-C), 131.5 (2C, Ar-C), 131.8 (Ar-C), 132.1 (d, JC,P=


10.2 Hz, 4C, Ar-C), 135.0 (d, JC,P=8.7 Hz, 2C, Ar-C), 136.7 (d, JC,P=


7.3 Hz, Ar-C), 140.9, 166.8 ppm (d, JC,P=2.9 Hz, COOR); 31P NMR


(121.468 MHz, CDCl3): d=31.5 ppm; elemental analysis: calcd (%) for
C26H25O3P (416.45): C 74.99, H 6.05; found: C 74.58, H 6.09.


General Procedure for the Directed syn-Allylic Substitution of o-DPPB
Esters: Copper and Grignard Reagents


Variant A: Copper(I) bromide dimethyl sulfide (0.5 equiv) was added in
one portion to a magnetically stirred solution of the o-DPPB ester
(1.00 equiv) in diethyl ether (0.05m unless otherwise noted) at room tem-
perature and stirred for a further 5–10 min until a clear yellow solution
was formed. The corresponding Grignard reagent in diethyl ether was
added to this well-stirred solution within the noted time by a syringe
pump, and the mixture was stirred vigorously until TLC showed quantita-
tive consumption of starting material.


Variant B: A solution of the o-DPPB ester (1.0 equiv) and copper bro-
mide dimethylsulfide (0.5 equiv) in diethyl ether (0.01m) was added drop-
wise to a solution of the corresponding Grignard reagent (0.05m,
1.1 equiv) by syringe pump during the time indicated.


Workup procedure A: The reaction was quenched by successive addition
of a saturated aqueous solution of NH4Cl (20 mLmmol�1) and an aque-
ous solution of ammonia (12.5%, 10 mLmmol�1) followed by the addi-
tion of diethyl ether (20 mLmmol�1). The mixture was stirred for 10 min,
the organic phase was separated, and the aqueous phase was extracted
three times with diethyl ether. The combined organic phases were
washed with brine, dried (MgSO4), and the solvent was removed in vacuo
to give the crude product. Column chromatography (SiO2, pentane or pe-
troleum ether (PE)/EtOAc) yielded the analytically pure products. Re-
gioisomeric ratios were determined by achiral GC analysis for volatile
compounds or by 1H NMR spectroscopic analysis of the crude product.
Enantiomeric excess was determined by chiral HPLC analysis and refer-
red to racemic material obtained as described above from the corre-
sponding racemic o-DPPB esters.


Workup procedure B: The reaction mixture was quenched with water
(20 mmolmmol�1 substrate) and filtered with pentane through silica gel.
Removal of the solvent (rotavap, normal pressure, 45 8C) furnished the
substitution products.


General Procedure for Ozonolysis Followed by Reductive Workup with
NaBH4


A stream of ozone was bubbled (1 bubble s�1) through a solution of the
alkene (1 equiv) in MeOH/CH2Cl2 (1:1, 0.1m) at �78 8C until quantitative
conversion was determined by TLC. Subsequently, excess ozone was re-
moved by bubbling argon through this solution. NaBH4 (10 equiv) was
then added at �78 8C, and the mixture was allowed to warm to room
temperature overnight. Saturated aqueous NH4Cl (2 mLmmol�1 sub-
strate) was added, and the reaction mixture was extracted with tert-butyl
methyl ether (3P20 mLmmol�1 substrate) and dried (MgSO4). Removal
of the solvent in vacuo and purification by column chromatography on
silica with PE/tert-butyl methyl ether (10:1–5:1) furnished the analytically
pure alcohol generally as a colorless oil. The corresponding racemic sub-
strates were treated likewise to obtain a reference for analytical chiral
GC.


(+)-2a (Table 1, entry 1): Following the general procedure (variant A,
workup A), a mixture of (�)-1 (181 mg, 0.5 mmol), copper(I) bromide di-
methyl sulfide (52 mg, 0.25 mmol), and a solution of n-butyl magnesium
chloride (1.1 mL, 0.55 mmol, 0.5m, addition time: 20 min) in diethyl ether
(10 mL) gave, after column chromatography (pentane), (+)-2a (63 mg,
0.45 mmol, 96%) as a colorless oil with 98% regioselectivity (GC, Supel-
co Wax 10). [a]20


D =++13.2 (c=1.9 in CHCl3);
1H NMR (500.13 MHz,


CDCl3): d=0.88 (t, 3J=6.9 Hz, 3H, 9-CH3), 0.94 (d, 3J=6.6 Hz, 3H, 5-
Me), 0.96 (t, 3J=7.1 Hz, 3H, 1-CH3), 1.18–1.35 (m, 6H, 6-CH2, 7-CH2, 8-
CH2), 1.95–2.07 (m, 3H, 2-CH2, 5-CH), 5.25 (ddt, 3J=15.3 Hz, 3J=
7.6 Hz, 4J=1.5 Hz, 1H, 4-CH), 5.39 ppm (dtd, 3J=15.7 Hz, 3J=6.2 Hz,
4J=0.6 Hz, 1H, 3-CH); 13C NMR (125.76 MHz, CDCl3): d=14.2 (C1,
C9), 20.9 (5-Me), 22.9 (CH2), 25.6 (CH2), 29.7 (CH2), 36.7 (C2), 37.0
(C5), 130.0 (C3), 135.6 ppm (C4). The analytical data correspond to
those reported previously.[21]


(+)-4a : Compound (+)-2a (35 mg, 0.25 mmol) gave (+)-4a (26 mg,
88%, 97% ee). [a]20


D =�15.0 (c=1.8 in CHCl3) (reference [22]: [a]20
D =


Chem. Asian J. 2006, 1, 586 – 597 E 2006 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim www.chemasianj.org 591


Stereospecific Construction of Carbon Centers







�11.6 (c=1.8 in CHCl3));
1H NMR (400.130 MHz, CDCl3): d=0.9 (t,


3J=6.9 Hz, 3H, 6-CH3), 0.91 (d, 3J=6.7 Hz, 3H, 2-Me), 1.20–1.45 (m,
6H, 3-CH2, 4-CH2, 5-CH2), 1.60 (m, 1H, 2-CH), 3.42 (dd, 2J=10.5 Hz,
3J=6.6 Hz, 1H, 1-CH2), 3.51 ppm (dd, 2J=10.5 Hz, 3J=5.8 Hz, 1H, 1-
CH2);


13C NMR (100.167 MHz, CDCl3): d=14.2 (C6), 16.7 (CH2), 23.0
(2-Me), 29.3 (CH2), 32.9 (CH2), 35.8 (C2), 68.5 ppm (C1); GC (Hydro-
dex-b, 65 8C, isotherm, 1.3 bar He): tR(+)-4a=28.12 min (1.5%), tR(�)-
4a=29.90 min (98.5%).


(+)-2b (Table 1, entry 2): Following the general procedure (variant A,
workup A), a mixture of (�)-1 (181 mg, 0.5 mmol), copper(I) bromide di-
methyl sulfide (52 mg, 0.25 mmol), and a solution of 3-pentyl magnesium
bromide (1.1 mL, 0.55 mmol, 0.5m, addition time: 20 min) in diethyl
ether (10 mL) gave, after column chromatography (pentane), (+)-2b
(63 mg, 0.45 mmol, 82%) as a colorless oil with 97% regioselectivity
(GC, Supelco Wax 10). [a]20


D =++8.6 (c=1.0 in CHCl3);
1H NMR


(400.870 MHz, CDCl3): d=0.84 (t, 3J=7.4 Hz, 6H, 2P8-CH3), 0.91 (d,
3J=6.8 Hz, 3H, 5-Me), 0.96 (t, 3J=7.5 Hz, 3H, 1-CH3), 1.12–1.38 (m, 5H,
6-H, 2P7-CH2), 1.96–2.09 (m, 3H, 2-CH2, 5-H), 5.28 (ddt, 3J=15.3 Hz,
3J=7.4 Hz, 4J=1.2 Hz, 1H, 4-H), 5.35 ppm (dtd, 3J=15.4 Hz, 3J=6.0 Hz,
4J=0.8 Hz, 1H, 3-H); 13C NMR (125.741 MHz, CDCl3): d=12.6 (2PC8),
14.2 (C1), 22.6 (5-Me), 22.7 (2PC7), 25.8 (C2), 37.9 (C5), 43.0 (C6), 130.7
(C3), 133.9 (C4); MS (EI) (70 eV): m/z (%): 154 [M]+ (22), 83 (4), 67
(2), 55 (100), 41 (26).


(�)-4b : Compound (+)-2b (20 mg, 0.13 mmol) gave (�)-4b (15 mg,
74%, 95% ee). [a]20


D =�10.7 (c=1.0 in CHCl3);
1H NMR (499.870 MHz,


CDCl3): d=0.86 (t, 3J=7.4 Hz, 6H, 2P5-CH3), 0.99 (d, 3J=6.8 Hz, 3H,
5-Me), 1.02 (t, 3J=7.5 Hz, 3H, 1-CH3), 1.68 (m, 1H, 2-H), 3.46 (dd, 2J=
12.6 Hz, 3J=7.2 Hz, 1H, 1-CH2), 3.60 ppm (dd, 2J=11.4 Hz, 3J=5.9 Hz,
1H, 1-CH2);


13C NMR (125.741 MHz, CDCl3): d=12.9 (2PC5), 23.6 (5-
Me), 24.7 (2PC4), 43.0 (C2), 64.3 ppm (C1); GC (Hydrodex-b, 50 8C, iso-
therm, 1.5 bar He): tR(�)-4b=5.41 min (97.8%), tR(+)-4b=5.70 min
(2.2%).


(+)-2c (Table 1, entry 3): Following the general procedure (variant A,
workup A), a mixture of (�)-1 (78 mg, 0.20 mmol), copper(I) bromide di-
methyl sulfide (21 mg, 0.1 mmol), and a solution of tert-butyl magnesium
bromide (0.5 mL, 0.22 mmol, 0.5m, addition time: 30 min) in diethyl
ether (10 mL) gave, after column chromatography (pentane), (+)-2c
(30 mg, 0.19 mmol, 90%) as a colorless oil with 97% regioselectivity
(GC, Supelco Wax 10). [a]20


D =++16.1 (c=1.0 in CHCl3);
1H NMR


(499.870 MHz, CDCl3): d=0.83 (s, 9H, C ACHTUNGTRENNUNG(CH3)3), 0.88 (t, 3J=7.4 Hz, 3H,
1-Me), 0.91 (d, 3J=6.6 Hz, 3H, Me), 1.80–1.87 (m, 1H, 5-H), 1.95–2.12
(m, 1H, 2-H), 5.30–5.41 ppm (m, 2H, 3-H, 4-H); 13C NMR
(125.741 MHz, CDCl3): d=14.2 (CH3), 15.7 (CH3), 22.4 (Cq), 25.6, 27.5
(C ACHTUNGTRENNUNG(CH3)3), 47.1, 131.6 and 132.6 ppm (C3, C4); MS (EI) (70 eV): m/z
(%): 140 [M]+ (3), 82 (3), 67 (4), 57 (100), 41 (26).


(+)-4c : Compound (+)-2c (28 mg, 0.2 mmol) gave (+)-4c (14 mg, 72%,
80% ee). GC (Hydrodex-b, 50 8C, isotherm, 1.0 bar He): tR(�)-4c=
33.48 min (10%), tR(+)-4c=34.90 min (90%); [a]20


D =++27.5 (c=1.2 in
CHCl3);


1H NMR (400.130 MHz, CDCl3): d=0.88 (s, 9H, tBu), 0.99 (d,
3J=6.8 Hz, 3H, 2-Me), 1.68 (m, 1H, 2-H), 3.38 (dd, 2J=10.5 Hz, 3J=
6.4 Hz, 1H, 1-CH2), 3.44 ppm (dd, 2J=10.6 Hz, 3J=5.9 Hz, 1H, 1-CH2);
13C NMR (100.167 MHz, CDCl3): d=23.0 (2-Me), 27.5 (CACHTUNGTRENNUNG(CH3)3), 32.1
(Cq), 39.2 (C2), 68.5 ppm (C1). The analytical data correspond to those
reported previously.[23]


(�)-2d : (Table 1, entry 4): Following the general procedure (variant B,
workup B, addition time 2 h), a mixture of (�)-1 (71 mg, 0.18 mmol),
copper(I) bromide dimethyl sulfide (19 mg, 0.09 mmol), and a solution of
phenyl magnesium bromide (0.22 mmol, 0.05m) in diethyl ether gave
(�)-2d (27 mg, 94%) as a colorless oil with 98% regioselectivity. [a]20


D =


�9.5 (c=1.0 in CHCl3);
1H NMR (499.870 MHz, CDCl3): d=0.98 (t, 3J=


7.4 Hz, 3H, 1-CH3), 1.34 (d, 3J=6.9 Hz, 3H, 5-Me), 2.03 (dqd, 3J=
6.8 Hz, 3J=7.5 Hz, 4J=1.0 Hz, 2H, 2-CH2), 3.42 (m, 1H, 5-H), 5.50 (dtd,
3J=15.3 Hz, 3J=6.1 Hz, 4J=1.0 Hz, 1H, 4-H), 5.54 (ddt, 3J=15.4 Hz, 3J=
6.6 Hz, 4J=1.3 Hz, 1H, 3-H), 7.18–7.78 ppm (m, 5H, Ar-H); 13C NMR
(125.692 MHz, CDCl3): d=13.9 (C1), 21.6 (CH2), 26.9 (5-Me), 42.2 (C5),
125.9 (C-Ar), 127.2 (2PC-Ar), 128.3 (2PC-Ar), 130.8 (C3), 133.9 ppm
(C4); HRMS (EI) (70 eV): m/z calcd for C12H16: 160.1254; found
168.1252; GC (Hydrodex-b, 50 8C isotherm, 1.0 bar He): tRACHTUNGTRENNUNG(SN2)=


47.82 min (0.8%), tR ACHTUNGTRENNUNG(SN2)=49.48 min (0.7%), tR(�)-2d=50.97 min,
tR(+)-2d=52.21 min (3.0%).


(+)-2e : (Table 1, entry 5): Following the general procedure (variant B,
workup B, addition time 30 min), a mixture of (�)-1 (78 mg, 0.20 mmol),
copper(I) bromide dimethyl sulfide (21 mg, 0.10 mmol), and a solution of
benzyl magnesium bromide (0.22 mmol, 0.1m) in diethyl ether gave (+)-
2e (33 mg, 97%) as a colorless oil with 97% regioselectivity. [a]20


D =


+17.8 (c=0.6 in CHCl3);
1H NMR (499.870 MHz, CDCl3): d=0.86 (t,


3J=7.6 Hz, 3H, 1-CH3), 0.88 (d, 3J=6.9 Hz, 3H, 5-Me), 1.90 (m, 2H, 2-
CH2), 2.27–2.35 (m, 1H, 5-H), 2.41 (dd, 4J=13.2 Hz, 3J=7.6 Hz, 1H, 6-
CH2), 2.58 (dd, 4J=13.2 Hz, 3J=6.6 Hz, 1H, 6-CH2), 5.06–5.33 (m, 2H, 3-
H, 4-H), 7.04–7.14 (m, 3H, Ar-H), 7.16–7.23 ppm (m, 2H, Ar-H);
13C NMR (125.692 MHz, CDCl3): d=14.0 (C1), 20.1 (C2), 25.7 (5-Me),
38.8 (C5), 43.9 (C6), 125.7 (C-Ar), 128.1 (2PC-Ar), 129.4 (2PC-Ar),
130.5 (C3), 136.6 ppm (C4); HRMS (EI) (70 eV): m/z calcd for C13H18:
174.1408; found 168.1404; GC (Hydrodex-b, 60 8C isotherm, 1.5 bar He):
tR ACHTUNGTRENNUNG(SN2)=73.2 min, tR(�)-2e=89.50 min (3.5%), tR(+)-2e=91.24 min
(94.1%).


(+)-2 f : (Table 1, entry 6): Following the general procedure (variant A,
workup B), a mixture of (�)-1 (194 mg, 0.5 mmol), copper(I) bromide di-
methyl sulfide (50 mg, 0.25 mmol), and a solution of 4-pentenyl magnesi-
um bromide (1.1 mL, 0.55 mmol, 0.5m, addition time: 30 min) gave (+)-
2 f (61 mg, 80%) as a colorless oil with 98% regioselectivity (GC, Supel-
co Wax 10). [a]20


D =++10.8 (c=0.8 in CHCl3);
1H NMR (400.130 MHz,


CDCl3): d=0.95 (d, 3J=6.7 Hz, 3H, 5-Me), 0.95 (t, 3J=7.3 Hz, 3H, 1-
CH3), 1.22–1.38 (m, 4H, 6-CH2, 7-CH2), 1.95–2.10 (m, 5H, 2-CH2, 5-H, 8-
CH2), 4.90–5.02 (m, 2J=17.1 Hz, 2H, 10-CH2), 5.24 (ddt, 3J=15.3 Hz,
3J=7.6 Hz, 4J=1.4 Hz, 1H, 4-H), 5.40 (dtd, 3J=15.3 Hz, 3J=6.2 Hz, 4J=
0.9 Hz, 1H, 3-H), 5.81 ppm (ddt, 3J=17.2 Hz, 3J=10.1 Hz, 3J=6.7 Hz,
1H, 9-H); 13C NMR (125.741 MHz, CDCl3): d=14.2 (C1), 21.0 (5-Me),
25.7 (C2), 26.8 (C7), 34.0 (C6), 36.7 (C5), 114.2 (C10), 130.3 (C3), 135.3
(C4), 139.3 ppm (C9).


(+)-5 : Caution: Carbon monoxide is toxic and the reaction should be car-
ried out in a well-ventilated fume hood equipped with a CO sensor.[13]


[Rh(CO)2acac] (0.9 mg, 3.5 mmol) and 6-DPPon[24] (4.7 mg, 17.5 mmol)
were placed in a Schlenk flask under an atmosphere of argon and dis-
solved in THF (1 mL). After 5 min, (+)-2 f (304 mg, 0.52 mmol) was
added, and the argon atmosphere was exchanged three times against an
atmosphere of synthesis gas (CO/H2=1:1). The reaction mixture was
magnetically stirred with a cross stirrer bar for 24 h, then filtered with di-
chloromethane through silica. The solvent was removed in vacuo to fur-
nish (+)-5 (78 mg, 83%, 94% ee). [a]20


D =++14.3 (c=1.2 in CHCl3);
1H NMR (400.130 MHz, CDCl3): d=0.94 (d, 3J=6.6 Hz, 3H, CH3), 0.96
(t, 3J=7.4 Hz, 3H, CH3), 1.36–1.66 (m, 6H, 3PCH2), 1.95–2.07 (m, 5H),
2.41 (dt, 3J=10.5 Hz, 3J=3.8 Hz, 2H, 2-CH2), 5.23 (ddt, 3J=15.3 Hz, 3J=
7.6 Hz, 4J=1.4 Hz, 1H, 8-H), 5.38 (dtd, 3J=15.3 Hz, 3J=6.2 Hz, 4J=
0.9 Hz, 1H, 9-H), 9.76 ppm (t, 3J=1.7 Hz, 1H, CHO); 13C NMR
(125.741 MHz, CDCl3): d=14.3 (C1), 21.0, 22.1, 25.7 , 27.0 , 29.3, 36.6,
37.1, 43.9, 130.3, 135.2, 203.1 ppm; HRMS (EI) (70 eV): m/z calcd for
C12H22O: 182.1671; found 182.1666; GC (Hydrodex-b, 70 8C isotherm,
10 min, 108min� to 200 8C, 1.5 bar He): tR(�)-5=18.49 min (3.2%),
tR(+)-5=18.56 min (96.8%).


7a : (Table 2, entry 1): Following the general procedure (variant A, work-
up A), a mixture of (�)-6a (91 mg, 0.139 mmol), copper(I) bromide di-
methyl sulfide (14.4 mg, 0.07 mmol), and a solution of methyl magnesium
iodide (0.19 mL, 0.167 mmol, 0.86m, addition time: 15 min) gave 7a
(38 mg, 72%) as a colorless oil with >95% regioselectivity (1H NMR).
1H NMR (300.064 MHz, CDCl3): d=0.06 (s, 6H), 0.90 (s, 9H), 1.03 (s,
6H), 3.16 (s, 2H), 3.80 (s, 3H), 4.15 (dd, J=5.2, 1.3 Hz, 2H), 4.44 (s,
2H), 5.50 (dt, J=15.7, 5.2 Hz, 1H), 5.67 (dt, J=15.8, 1.3 Hz, 1H), 6.87
(m, 2H), 7.24 ppm (m, 2H); 13C NMR (125.741 MHz, CDCl3): d=�4.9
(2C), 18.5, 24.7 (2C), 26.1 (3C), 32.2, 55.3, 64.5, 73.0, 79.2, 113.9 (2C),
126.5 (C2), 129.0, 131.0, 138.4, 159.1 ppm; HRMS (EI): m/z calcd for
C17H27O3Si: 307.1730 [M+�tBu]; found: 307.1728.


(�)-7b : (Table 2, entry 2): Following the general procedure (variant A,
workup A), a mixture of (�)-6a (399 mg, 0.593 mmol, 94% ee), copper(I)
bromide dimethyl sulfide (62 mg, 0.3 mmol), and a solution of ethyl mag-
nesium bromide (0.79 mL, 0.712 mmol, 0.9m, addition time: 20 min) gave
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(�)-7b (192 mg, 86%) as a colorless oil with >99% regioselectivity and
94% ee (HPLC). [a]22


D =�8.6 (c=1.13 in CHCl3);
1H NMR


(300.064 MHz, CDCl3): d=0.06 (s, 6H), 0.77 (t, 3H, J=7.6 Hz), 0.90 (s,
9H), 0.99 (s, 3H), 1.42 (m, 2H), 3.17 (d, 1H, J=8.8 Hz), 3.21 (d, 1H, J=
8.8 Hz), 3.80 (s, 3H), 4.15 (dd, 2H, J=5.0, 1.2 Hz), 4.42 (s, 2H), 5.48 (dt,
1H, J=15.8, 5.0 Hz), 5.60 (pd, 1H, J=15.8 Hz), 6.85 (m, 2H), 7.24 ppm
(m, 2H); 13C NMR (100.614 MHz, CDCl3): d=�5.0 (2C), 8.3, 18.4, 21.1,
26.0 (3C), 30.3, 40.1, 55.3, 64.5, 73.0, 77.6, 113.7 (2C), 127.5, 128.9 (2C),
131.1, 136.9, 159.0 ppm; elemental analysis: calcd (%) for C22H38O3Si
(378.62): C 69.79, H 10.12; found: C 69.56, H 10.30; HPLC (2PChiralcel
OD-H, n-heptane, 15 8C, 0.6 mLmin�1, 275 nm): tR(R)-(�)-7b=
57.51 min, tR(S)-(+)-7b=61.39 min.


(�)-7c : (Table 2, entry 3): Following the general procedure (variant A,
workup A), a mixture of (�)-6a (69 mg, 0.105 mmol, 93% ee), copper(I)
bromide dimethyl sulfide (10.3 mg, 0.05 mmol), and a solution of n-butyl
magnesium bromide (0.11 mL, 0.126 mmol, 1.2m, addition time: 15 min)
gave (�)-7c (42 mg, 99%) as a colorless oil with >99% regioselectivity
and 93% ee (HPLC). [a]22


D =�5.7 (c=0.615 in CHCl3);
1H NMR


(400.136 MHz, CDCl3): d=0.06 (s, 6H), 0.87 (t, J=7.3 Hz, 3H), 0.90 (s,
9H), 1.00 (s, 3H), 1.15 (m, 2H), 1.24 (m, 2H), 1.36 (m, 2H), 3.18 (m,
2H), 3.80 (s, 3H), 4.16 (dd, J=5.2, 1.3 Hz, 2H), 4.42 (s, 2H), 5.47 (dt, J=
15.9, 5.2 Hz, 1H), 5.61 (m, 1H), 6.86 (m, 2H), 7.24 ppm (m, 2H);
13C NMR (100.624 MHz, CDCl3): d=�5.0 (2C), 14.1, 18.4, 21.6, 23.5,
26.0 (3C), 26.2, 37.7, 40.0, 55.3, 64.5, 72.9, 77.8, 113.7 (2C), 127.2, 129.0
(2C), 131.1, 137.3, 159.0 ppm; elemental analysis: calcd (%) for
C24H42O3Si (406.67): C 70.88, H 10.41; found: C 70.89, H 10.42; HPLC
(2PChiralcel OD-H, n-heptane, 15 8C, 0.5 mLmin�1, 275 nm): tR(R)-(�)-
7c=57.93 min, tR(S)-(+)-7c=61.25 min.


(�)-7d : (Table 2, entry 4): Following the general procedure (variant A,
workup A), a mixture of (�)-6a (75 mg, 0.115 mmol, 94% ee), copper(I)
bromide dimethyl sulfide (11.9 mg, 0.058 mmol), and a solution of isopro-
pyl magnesium bromide (0.18 mL, 0.138 mmol, 0.76m, addition time:
15 min) gave (�)-7d (40 mg, 89%) as a colorless oil with >99% regiose-
lectivity (HPLC). [a]20


D =�13.1 (c=0.93 in CHCl3);
1H NMR


(500.003 MHz, CDCl3): d=0.06 (s, 6H), 0.79 (d, J=6.9 Hz, 3H), 0.81 (d,
J=6.9 Hz, 3H), 0.90 (s, 9H), 0.95 (s, 3H), 1.81 (psept, J=6.9 Hz, 1H),
3.23 (d, J=8.8 Hz, 1H), 3.25 (d, J=8.8 Hz, 1H), 3.80 (s, 3H), 4.17 (dd,
J=5.4, 1.5 Hz, 2H), 4.40 (d, J=12.2 Hz, 1H), 4.42 (d, J=12.2 Hz, 1H),
5.49 (dt, J=15.9, 5.4 Hz, 1H), 5.66 (dt, J=15.9, 1.4 Hz, 1H), 6.86 (m,
2H), 7.24 ppm (m, 2H); 13C NMR (125.741 MHz, CDCl3): d=�5.0 (2C),
17.2, 17.6, 18.1, 18.4, 26.0 (3C), 32.4, 42.5, 55.3, 64.5, 72.9, 76.8, 113.6
(2C), 127.9, 129.0 (2C), 131.0, 135.7, 159.0 ppm; elemental analysis: calcd
(%) for C23H40O3Si (392.27): C 70.35, H 10.27; found: C 70.45, H 10.25.


(�)-(R,E)-4,5-dimethyl-4-(4-methoxybenzyloxymethyl)hex-2-en-1-ol: A
solution of (�)-7d (32 mg, 0.082 mmol) in THF (1 mL) was treated with
tetra-n-butylammonium fluoride (TBAF; 0.1 mmol, 1m solution in THF),
and the mixture was stirred at room temperature until TLC showed
quantitative consumption of the starting material (2 h). The solvents
were removed under reduced pressure, and the residue was purified by
column chromatography (PE/EtOAc=9:1) to yield the analytically pure
allylic alcohol (22 mg, 96%, 93% ee) as a colorless liquid. [a]20


D =�19.2
(c=1.79, CHCl3);


1H NMR (400.136 MHz, CDCl3): d=0.79 (d, J=
6.9 Hz, 3H), 0.81 (d, J=6.9 Hz, 3H), 0.95 (s, 3H), 1.81 (psept, J=6.9 Hz,
1H), 3.23 (d, J=8.6 Hz, 1H), 3.25 (d, J=8.6 Hz, 1H), 3.80 (s, 3H), 4.12
(m, 2H), 4.41 (s, 2H), 5.59 (dt, J=15.9, 5.6 Hz, 1H), 5.71 (d, J=15.9 Hz,
1H), 6.87 (m, 2H), 7.23 ppm (m, 2H) (the signal for OH could not be de-
tected); 13C NMR (100.624 MHz, CDCl3): d=17.2, 17.6, 17.8, 32.4, 42.7,
55.3, 64.3, 73.0, 76.6, 113.7 (2C), 127.6, 129.0 (2C), 130.9, 138.1,
159.1 ppm; elemental analysis: calcd (%) for C17H26O3 (278.39): C 73.34,
H 9.41; found: 73.07, H 9.41; Chiral HPLC (Chiralpak AD, n-heptane/
iso-propanol=96:4, 20 8C, 1 mLmin�1, 275 nm): tR(+)-alcohol=
15.01 min, tR(�)-alcohol=19.29 min.


(�)-7e (Table 2, entry 5): Following the general procedure (variant A,
workup A), a mixture of (�)-6a (45 mg, 0.069 mmol, 93% ee), copper(I)
bromide dimethyl sulfide (7.1 mg, 0.035 mmol), and a solution of benzyl
magnesium bromide (2.0 mL, 0.104 mmol, 0.07m, addition time: 90 min)
gave (�)-7e (16 mg, 53%) as a colorless oil with >99% regioselectivity
and 85% ee (HPLC). [a]20


D =�4.4 (c=2.51 in CHCl3);
1H NMR


(300.065 MHz, CDCl3): d=0.05 (s, 6H), 0.90 (s, 9H), 0.98 (s, 3H), 2.67
(d, J=12.9 Hz, 1H), 2.74 (d, J=12.9 Hz, 1H), 3.12 (d, J=12.9 Hz, 1H),
3.15 (d, J=12.9 Hz, 1H), 3.81 (s, 3H), 4.13 (dd, J=5.2, 1.5 Hz, 2H), 4.44
(s, 2H), 5.42 (dd, J=15.9, 5.2 Hz, 1H), 5.71 (m, 1H), 6.88 (m, 2H), 7.07–
7.32 ppm (m, 7H); 13C NMR (75.460 MHz, CDCl3): d=�5.1 (2C), 18.4,
21.7, 26.0 (3C), 40.9, 43.8, 55.3, 64.2, 72.8, 76.3, 113.7 (2C), 125.8, 127.4,
127.6 (2C), 129.1 (2C), 130.8 (2C), 130.9, 136.5, 138.4, 159.1 ppm; ele-
mental analysis: calcd (%) for C27H40O3Si (440.69): C 73.59, H 9.15;
found: C 73.71, H 9.44; HPLC (Chiralcel OD-H, n-heptane, 15 8C,
0.8 mLmin�1, 275 nm): tR(R)-(�)-7e=33.52 min, tR(S)-(+)-7e=
43.01 min.


(�)-7g (Table 2, entry 7): Following the general procedure (variant A,
workup A), a mixture of (�)-6b (76 mg, 0.11 mmol, >99% ee), copper(I)
bromide dimethyl sulfide (11.3 mg, 0.055 mmol), and a solution of ethyl
magnesium bromide (0.13 mL, 0.132 mmol, 1.02m, addition time: 15 min)
gave (�)-7g (39 mg, 84%) as a colorless oil with >95% regioselectivity
and 98% ee (HPLC). [a]20


D =�4.9 (c=1.74 in CHCl3);
1H NMR


(400.136 MHz, CDCl3): d=0.84 (t, J=7.3 Hz, 3H), 1.06 (s, 9H), 1.23 (s,
3H), 1.23 (m, 3H), 1.59 (m, 1H), 1.74 (m, 1H), 4.12 (m, 2H), 4.22 (dd,
J=4.7, 1.7 Hz, 2H), 5.58 (dt, J=15.9, 4.7 Hz, 1H), 5.90 (dt, J=15.9,
1.7 Hz, 1H), 7.39 (m, 6H), 7.67 ppm (m, 4H); 13C NMR (100.624 MHz,
CDCl3): d=8.9, 14.2, 19.3, 20.5, 26.8 (3C), 32.2, 48.0, 60.5, 64.5, 127.6
(4C), 127.9, 129.6 (2C), 133.88 (2C), 133.94, 135.6 (4C), 175.9 ppm; ele-
mental analysis: calcd (%) for C26H36O3Si (424.6): C 73.54, H 8.54;
found: C 73.58, H 8.54; HPLC (2PChiralcel OD-H, n-heptane, 15 8C,
0.5 mLmin�1, 275 nm): tR(R)-(�)-7g=66.93 min, tR(S)-(+)-7g=
71.23 min.


(�)-7h (Table 2, entry 8): Following the general procedure (variant A,
workup A), a mixture of (�)-6b (82 mg, 0.117 mmol, >99% ee), cop-
per(I) bromide dimethyl sulfide (12.0 mg, 0.059 mmol), and a solution of
n-butyl magnesium bromide (0.11 mL, 0.140 mmol, 1.23m, addition time:
15 min) gave (�)-7h (46 mg, 87%) as a colorless oil with >95% regiose-
lectivity and 97% ee (HPLC). [a]22


D =�3.7 (c=1.75 in CHCl3);
1H NMR


(400.136 MHz, CDCl3): d=0.89 (t, J=7.3 Hz, 3H), 1.06 (s, 9H), 1.23 (t,
J=7.3 Hz, 3H), 1.24 (s, 3H), 1.28 (m, 4H), 1.53 (m, 1H), 1.67 (m, 1H),
4.10 (m, 1H), 4.13 (m, 1H), 4.22 (dd, J=5.5, 1.7 Hz, 2H), 5.58 (m, 1H),
5.90 (dt, J=15.9, 1.7 Hz, 1H), 7.39 (m, 6H), 7.68 ppm (m, 4H); 13C NMR
(100.624 MHz, CDCl3): d=14.0, 14.2, 19.2, 21.0, 23.1, 26.81 (3C), 26.84,
39.2, 47.6, 60.5, 64.5, 127.60 (4C), 127.64, 129.6 (2C), 133.9, 134.2 (2C),
135.6 (4C), 176.0 ppm; elemental analysis: calcd (%) for C28H40O3Si
(452.70): C 74.29, H 9.01; found: C 74.38, H 8.91; HPLC (Chiralcel OD-
H, n-heptane, 15 8C, 0.8 mLmin�1, 227 nm): tR(R)-(�)-7h=14.01 min,
tR(S)-(+)-7h=15.80 min.


(�)-7 i (Table 2, entry 9): Following the general procedure (variant A,
workup A), a mixture of (�)-6b (127 mg, 0.181 mmol, >99% ee), cop-
per(I) bromide dimethyl sulfide (18.5 mg, 0.09 mmol), and a solution of
isopropyl magnesium bromide (0.24 mL, 0.181 mmol, 0.75m, addition
time: 15 min) gave (�)-7h (67 mg, 84%) as a colorless oil with >95%
regioselectivity and 97% ee (HPLC), determined at the stage of the de-
protected primary alcohol; see below. [a]22


D =�12.1 (c=1.99 in CHCl3);
1H NMR (400.136 MHz, CDCl3): d=0.82 (d, J=6.9 Hz, 3H), 0.84 (d J=
6.9 Hz, 3H,), 1.06 (s, 9H), 1.15 (s, 3H), 1.24 (t, J=7.3 Hz, 3H), 2.13
(psept, J=6.9 Hz, 1H), 4.12 (q, J=7.3 Hz, 1H), 4.13 (q, J=7.3 Hz, 1H),
4.23 (m, 2H), 5.98 (m, 1H), 5.93 (dt, J=15.9, 1.7 Hz, 1H), 7.39 (m, 6H),
7.68 ppm (m, 4H); 13C NMR (100.624 MHz, CDCl3): d=14.2, 15.0, 17.3,
17.8, 19.2, 26.8 (3C), 34.5, 51.5, 60.4, 64.5, 127.6 (4C), 128.7, 129.6 (2C),
133.3, 133.86, 133.89, 135.5 (4C), 176.0 ppm; elemental analysis: calcd
(%) for C27H38O3Si (438.67): C 73.92, H 8.73; found: C 73.93, H 8.84.


ACHTUNGTRENNUNG(R,E)-4-ethoxycarbonyl-4,5-dimethyl-2-hexen-1-ol:[18b] A solution of (�)-
7 i (10 mg, 0.023 mmol) in THF (0.5 mL) was treated with TBAF
(0.03 mmol, 1m solution in THF) and stirred at room temperature until
TLC showed quantitative consumption of the starting material (1 h). The
solvents were removed under reduced pressure, and the residue was puri-
fied by column chromatography (pentane/diethyl ether=3:1) to yield the
analytically pure primary allylic alcohol (4 mg, 87%, 97% ee) as a color-
less liquid. 1H NMR (300.066 MHz, CDCl3): d=0.82 (d, J=6.8 Hz, 3H),
0.84 (d, J=6.8 Hz, 3H), 0.88 (t, J=6.7 Hz, 3H), 1.18 (s, 3H), 2.14 (psept,
J=6.8 Hz, 1H), 4.14 (m, 4H), 5.68 (dt, J=15.8, 5.7 Hz, 1H), 5.89 ppm
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(dt, J=15.8, 1.3 Hz, 1H) (the OH resonance could not be detected);
13C NMR (100.624 MHz, CDCl3): d=14.2, 15.1, 17.3, 17.7, 34.9, 51.3,
60.6, 63.7, 129.0, 135.0, 175.9 ppm; elemental analysis: calcd (%) for
C11H20O3 (200.27): C 65.97, H 10.07; found: C 66.29, H 10.08; Chiral
HPLC (Chiralcel OD-H, n-heptane/iso-propanol=95:5, 20 8C,
0.8 mLmin�1, 220 nm): tR(R)-alcohol=10.29 min, tR(S)-alcohol=
11.62 min.


(+)-12a (Table 3, entry 1): Following the general procedure (variant B,
workup B, addition time 90 min), a mixture of (�)-10a (42 mg,
0.10 mmol), copper(I) bromide dimethyl sulfide (10 mg, 0.05 mmol) in
Et2O/CH2Cl2 (10 mL, 20:1), and an ethereal solution of methyl magnesi-
um iodide (4.0 mL, 0.22 mmol, 0.05m) gave (+)-12a (17 mg, >95%) as a
colorless oil with 99% regioselectivity and 96% ee determined by GC.
[a]20


D =++10.1 (c=0.80 in n-pentane); 1H NMR (400.136 MHz, CDCl3):
d=0.83 (t, J=7.5 Hz, 3H, CH2CH3), 0.92 (s, 3H, 3-CH3), 1.30 (q, J=
7.6 Hz, 2H, CH2CH3), 1.33 (m, 1H, 4-H1), 1.48 (ddd, J=13.1, 8.4, 5.4 Hz,
1H, 4-H2), 1.60 (m, 2H, 5-H), 1.92 (m, 2H, 6-H), 5.40 (dt, J=9.9, 1.9 Hz,
1H, 2-H), 5.59 ppm (dt, J=9.9, 3.7 Hz, 1H, 1-H); 13C NMR
(125.692 MHz, CDCl3): d=8.4 (CH2CH3), 19.4 (CH2CH3), 25.4 (C5), 26.8
(C3-Me), 31.0 (C6), 32.0 (C3), 35.1 (C4), 125.3 (C1), 136.9 ppm (C2); MS
(EI) (70 eV): m/z (%): 124 [M]+ (18), 109 (5), 95 (100), 79 (7), 67 (31),
55 (6); HRMS (EI) (70 eV): m/z calcd for C9H16: 124.1251; found
124.1252; GC (Betadex 110, 35 8C isotherm, 0.3 bar He): tRACHTUNGTRENNUNG(SN2)=
132.8 min (0.8%), tR ACHTUNGTRENNUNG(SN2)=137.0 min (0.4%), tR(�)-12a=150.5 min
(2.1%), tR(+)-12a=154.0 min (96.7%).


(+)-12b (Table 3, entry 2): Following the general procedure (variant B,
workup B, addition time 90 min), a mixture of (�)-10a (42 mg,
0.10 mmol), copper(I) bromide dimethyl sulfide (10 mg, 0.05 mmol) in
Et2O/CH2Cl2 (10 mL, 20:1), and an ethereal solution of n-butyl magnesi-
um bromide (4.0 mL, 0.20 mmol, 0.05m) gave (+)-12b (21 mg, >95%) as
a colorless oil with >99% regioselectivity and 96% ee determined by
GC. [a]20


D =++9.4 (c=2.57 in n-pentane); 1H NMR (400.136 MHz,
CDCl3): d=0.80 (t, J=7.4 Hz, 3H, CH2CH3), 0.89 (t, J=7.1 Hz, 3H, 3’-
CH3), 1.18–1.38 (m, 6H, 1’-H, 2’-H, 3’-H), 1.30 (q, J=7.6 Hz, 2H,
CH2CH3), 1.41 (pt, J=6.0 Hz, 1H, 4-H1), 1.42 (dd, J=5.8, 2.6 Hz, 1H, 4-
H2), 1.59 (pquin, J=6.0 Hz, 2H, 5-H), 1.92 (tdd, J=6.0, 3.8, 2.2 Hz, 2H,
6-H), 5.42 (dt, J=10.3, 2.2 Hz, 1H, 2-H), 5.59 ppm (dt, J=10.3, 3.7 Hz,
1H, 1-H) ; 13C NMR (125.692 MHz, CDCl3): d=8.2 (CH2CH3), 14.2
(C3’-Me), 19.3 (CH2CH3), 23.8 (C3’), 25.4 (C5), 26.1 (C2’), 32.0 (C3), 32.1
(C1’), 32.3 (C6), 39.2 (C4), 125.9 (C1), 136.1 ppm (C2); MS (EI) (70 eV):
m/z (%): 166 [M]+ (17), 137 (59), 109 (100), 95 (30), 81 (67), 67 (72), 55
(8); HRMS (EI) (70 eV): m/z calcd for C12H22: 166.1722; found:
166.1722; GC (trifluoroacetyl-g-cyclodextrin, 38 8C isotherm, 1.5 bar He):
tR ACHTUNGTRENNUNG(SN2)=132.3 min (0.6%), tR(�)-12b=136.2 min (2.2%), tR(+)-12b=
143.7 min (97.2%).


(�)-12c (Table 3, entry 3): Following the general procedure (variant B,
workup B, addition time 90 min), a mixture of (�)-10a (42 mg,
0.10 mmol), copper(I) bromide dimethyl sulfide (10 mg, 0.05 mmol) in
Et2O/CH2Cl2 (10 mL, 20:1), and an ethereal solution of isopropyl magne-
sium bromide (4.0 mL, 0.20 mmol, 0.05m) gave (�)-12c (19 mg, >95%)
as a colorless oil with 98% regioselectivity and 96% ee determined by
GC. [a]20


D =�25.5 (c=2.17 in n-pentane); 1H NMR (400.136 MHz,
CDCl3): d=0.80 (t, J=7.5 Hz, 3H, CH2CH3), 0.82 (d, J=6.9 Hz, 3H, 1’-
CH3), 0.83 (d, J=6.9 Hz, 3H, 1’-CH3), 1.36 (q, J=7.3 Hz, 2H, CH2CH3),
1.42 (pq, J=7.7 Hz, 1H, 4-H1), 1.48 (dt, J=13.8, 6.0 Hz, 1H, 4-H2), 1.59
(m, 2H, 5-H), 1.67 (hept, J=6.9 Hz, 1H, 1’-H), 1.90 (m, 2H, 6-H), 5.40
(dt, J=10.3, 2.4 Hz, 1H, 2-H), 5.69 ppm (dt, J=10.3, 3.9 Hz, 1H, 1-H);
13C NMR (100.624 MHz, CDCl3): d=8.3 (CH2CH3), 16.8 (C1’-Me1), 17.8
(C1’-Me2), 19.5 (CH2CH3), 25.3 (C5), 28.1 (C1’), 32.0 (C3), 33.3 (C6),
37.2 (C4), 126.5 (C1), 135.2 ppm (C2); MS (EI) (70 eV): m/z (%): 152
[M]+ (21), 123 (6), 109 (100), 91 (4), 81 (7), 67 (52), 55 (5); HRMS (EI)
(70 eV): m/z calcd for C11H20: 152.1563; found: 152.1565; GC (trifluoro-
ACHTUNGTRENNUNGacetyl-g-cyclodextrin, 60 8C isotherm, 1.3 bar He): tRACHTUNGTRENNUNG(SN2)=16.6 min
(1.9%), tR(+)-12c=23.3 min (2.1%), tR(�)-12c=24.6 min (96%).


(+)-12d (Table 3, entry 4): Following the general procedure (variant B,
workup B, addition time 90 min), a mixture of (�)-10a (83 mg,
0.20 mmol), copper(I) bromide dimethyl sulfide (21 mg, 0.10 mmol) in
Et2O/CH2Cl2 (20 mL, 20:1), and an ethereal solution of phenyl magnesi-


um bromide (8.0 mL, 0.40 mmol, 0.05m) gave (+)-12d (46 mg, >95%) as
a colorless oil. SN2’/SN2=40:60, 92% ee determined by GC. [a]20


D =


+10.5 (c=1.52 in n-pentane); 1H NMR (400.136 MHz, CDCl3): d=0.75
(t, J=7.3 Hz, 3H, CH2CH3), 1.46–1.94 (m, 4H, 4-H, 5-H), 1.74 (q, J=
7.3 Hz, 2H, CH2CH3), 2.01 (m, 2H, 6-H), 5.87 (dt, J=10.3, 1.7 Hz, 1H,
2-H), 5.92 (dt, J=10.3, 3.0 Hz, 1H, 1-H), 7.15–7.23 (m, 3H, Ar-H), 7.32–
7.38 ppm (m, 2H, Ar-H) ; 13C NMR (75.451 MHz, CDCl3): d=8.7
(CH2CH3), 19.0 (CH2CH3), 25.6 (C5), 32.0 (C3), 35.1 (C6), 42.1 (C4),
125.4 (C1), 127.3 (2C, Ar-C), 127.8 (2C, Ar-C), 128.0 (Ar-C), 133.0 (Ar-
C), 147.5 ppm (C2); MS (EI) (70 eV): m/z (%): 186 [M]+ (15), 157 (100),
142 (6), 129 (30), 115 (8), 91 (35), 79 (6); HRMS (EI) (70 eV): m/z calcd
for C14H18: 186.1409; found: 186.1409; GC (Betadex 110, 100 8C isotherm,
0.8 bar He): tR(�)-12d=104.8 min (1.7%), tR(+)-12d=107.6 min
(38.3%), tRACHTUNGTRENNUNG(SN2)=129.8 min (24.0%), tRACHTUNGTRENNUNG(SN2)=133.6 min (36.0%).


(�)-12a (able 3, entry 5): Following the general procedure (variant B,
workup B, addition time 90 min), a mixture of (�)-11a (40 mg,
0.10 mmol), copper(I) bromide dimethyl sulfide (10 mg, 0.05 mmol) in
Et2O/CH2Cl2 (10 mL, 4:1), and an ethereal solution of ethyl magnesium
bromide (4.0 mL, 0.20 mmol, 0.05m) gave (�)-12a (16 mg, >95%) as a
colorless oil with 96% regioselectivity and 91% ee determined by GC
(Betadex 110, 35 8C isotherm, 0.3 bar He); [a]20


D =�9.2 (c=1.76 in n-pen-
tane). Spectroscopic data were identical to those of (+)-12a (see above).


(+)-13a (Table 3, entry 6): Following the general procedure (variant B,
workup B, addition time 90 min), a mixture of (�)-11a (40 mg,
0.10 mmol), copper(I) bromide dimethyl sulfide (10 mg, 0.05 mmol) in
Et2O/CH2Cl2 (10 mL, 4:1), and an ethereal solution of n-butyl magnesi-
um bromide (4.0 mL, 0.20 mmol, 0.05m) gave (+)-13a (19 mg, >95%) as
a colorless oil. SN2’/SN2=98:2, 94% ee determined by GC. [a]20


D =++2.7
(c=2.59 in n-pentane); 1H NMR (400.136 MHz, CDCl3): d=0.89 (t, J=
7.1 Hz, 3H, 3’-CH3), 0.93 (s, 3H, 3-CH3), 1.21–1.33 (m, 6H, 1’-H, 2’-H, 3’-
H), 1.35 (dpq, J=13.0, 3.5 Hz, 1H, 4-H1), 1.50 (ddd, J=12.9, 8.2, 4.7 Hz,
1H, 4-H2), 1.61 (m, 2H, 5-H), 1.93 (tdd, J=6.0, 3.6, 2.4 Hz, 2H, 6-H),
5.41 (dt, J=10.3, 1.9 Hz, 1H, 2-H), 5.58 ppm (dt, J=10.3, 3.9 Hz, 1H, 1-
H); 13C NMR (75.451 MHz, CDCl3): d=14.2 (C3’-Me), 19.4 (C3-Me),
23.7 (C3’), 25.3 (C5), 26.3 (C2’), 27.4 (C1’), 32.0 (C3), 35.0 (C6), 42.8
(C4), 125.1 (C1), 137.2 ppm (C2); MS (EI) (70 eV): m/z (%): 152 [M]+


(28), 137 (4), 109 (7), 95 (100), 81 (20), 67 (45), 55 (9), 41 (4); HRMS
(EI) (70 eV): m/z calcd for C11H20: 152.1563; found: 152.1565; GC (tri-
fluoroacetyl-g-cyclodextrin, 40 8C isotherm, 1.3 bar He): tR(�)-13a=
51.3 min (3.1%), tR(+)-13a=53.3 min (94.5%), tR ACHTUNGTRENNUNG(SN2)=64.5 min
(2.4%).


(�)-13b (Table 3, entry 7): Following the general procedure (variant B,
workup B, addition time 90 min), a mixture of (�)-11a (20 mg,
0.05 mmol), copper(I) bromide dimethyl sulfide (5 mg, 0.025 mmol) in
Et2O/CH2Cl2 (5 mL, 4:1), and an ethereal solution of isopropyl magnesi-
um bromide (2.0 mL, 0.20 mmol, 0.05m) gave (�)-13b (9 mg, >95%) as
a colorless oil. SN2’/SN2=96:4, 91% ee determined by GC. [a]20


D =�36.6
(c=2.00 in n-pentane); 1H NMR (400.136 MHz, CDCl3): d=0.84 (d, J=
6.9 Hz, 3H, 1’-CH3), 0.86 (d, J=6.9 Hz, 3H, 1’-CH3), 0.92 (s, 3H, 3-CH3),
1.44–1.73 (m, 5H, 1’-H, 4-H, 5-H), 1.92 (m, 2H, 6-H), 5.45 (dpq, J=10.3,
1.7 Hz, 1H, 2-H), 5.60 ppm (dt, J=10.3, 3.9 Hz, 1H, 1-H); 13C NMR
(75.451 MHz, CDCl3): d=17.1 (C1’-Me1), 17.7 (C1’-Me2), 19.4 (C3-Me),
24.4 (C1’), 25.3 (C5), 31.2 (C6), 32.0 (C3), 36.9 (C4), 125.3 (C1),
136.8 ppm (C2); MS (EI) (70 eV): m/z (%): 138 [M]+ (12), 123 (3), 95
(100), 79 (19), 67 (53), 55 (9); HRMS (EI) (70 eV): m/z calcd for C10H18:
138.1407; found: 138.1409; GC (trifluoroacetyl-g-cyclodextrin, 50 8C iso-
therm, 1.3 bar He): tR ACHTUNGTRENNUNG(SN2)=15.1 min (4.4%), tR(+)-13b=16.5 min
(4.3%), tR(�)-13b=17.4 min (91.3%).


(+)-13c (Table 3, entry 8): Following the general procedure (variant B,
workup B, addition time 90 min), a mixture of (�)-11a (80 mg,
0.20 mmol), copper(I) bromide dimethyl sulfide (21 mg, 0.10 mmol) in
Et2O/CH2Cl2 (20 mL, 4:1), and an ethereal solution of phenyl magnesium
bromide (8.0 mL, 0.40 mmol, 0.05m) gave (+)-13c (44 mg, >95%) as a
colorless oil. SN2’/SN2=41:59, 82% ee determined by GC. [a]20


D =++7.6
(c=2.14 in cylohexane) (reference [25] for (�)-(S)-13c : [a]20


D =�16.6 (c=
9.37 in cyclohexane)); 1H NMR (400.136 MHz, CDCl3): d=1.40 (s, 3H,
3-CH3), 1.42–1.72 (m, 4H, 4-H, 5-H), 2.04 (m, 2H, 6-H), 5.72 (ddd, J=
10.3, 3.0, 2.2 Hz, 1H, 2-H), 5.86 (dt, J=10.3, 3.9 Hz, 1H, 1-H), 7.15–7.23
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(m, 3H, Ar-H), 7.32–7.38 ppm (m, 2H, Ar-H); 13C NMR (100.624 MHz,
CDCl3): d=24.0 (C1-Me), 25.2 (C5), 30.9 (C6), 32.0 (C3), 42.3 (C4),
125.6 (C1), 127.3 (2C, Ar-C), 127.8 (2C, Ar-C), 128.0 (Ar-C), 135.3 (Ar-
C), 147.4 ppm (C2); MS (EI) (70 eV): m/z (%): 172 [M]+ (100), 157
(100), 143 (33), 129 (93), 115 (31), 91 (57), 79 (14); HRMS (EI) (70 eV):
m/z calcd for C13H16: 172.1251; found: 172.1252; GC (Betadex 110, 80 8C
(180 min), 1 8Cmin�1, 120 8C (5 min), 0.8 bar He): tR(�)-13c=188.8 min
(3.9%), tR(+)-13c=190.1 min (37.2%), tR ACHTUNGTRENNUNG(SN2)=205.0 min (23.6%), tR-
ACHTUNGTRENNUNG(SN2)=207.6 min (35.4%).


General Procedure for the Nondirected anti-Allylic Substitution of o-
DPPB Oxide Esters


The required dialkylzinc reagent (2.4 equiv) was added slowly to a mag-
netically stirred and freshly prepared solution of CuCN·2LiCl (1.2 equiv)
in THF (1.0m) at �30 8C. The reaction mixture was maintained for a fur-
ther 30 min at �30 8C before a solution of the corresponding allylic o-
DPPB oxide ester (1.0 equiv) in THF (0.07m) was added during the time
indicated (5–30 min). The reaction mixture was warmed over 2.5 h to
0 8C.


Workup variant C: Pentane was added and the reaction mixture was fil-
tered through silica gel. After evaporation of the solvent (rotavap,
800 mbar), the corresponding substitution products were obtained as col-
orless oils.


Workup variant D: The reaction mixture was quenched upon addition of
saturated aqueous NH4Cl (40 mLmmol�1 substrate) and aqueous NH3


(12.5%, 10 mLmmol�1 substrate). Pentane (20 mLmmol�1 substrate) was
added, the organic phase separated, and the aqueous phase extracted
with additional pentane (3P20 mLmmol�1 substrate). The combined or-
ganic phases were washed with aqueous NaOH (10%, 20 mLmmol�1


substrate), water (3P20 mLmmol�1 substrate), and brine (20 mLmmol�1


substrate) and dried (MgSO4). Removal of solvents under normal pres-
sure (rotavap, 45 8C) and purification of the crude product by column
chromatography furnished the substitution products as colorless oils.


(�)-2a (Table 1, entry 7): Following the general procedure, a mixture of
(�)-3 (81 mg, 0.2 mmol, addition time: 30 min) and a solution of Zn-
ACHTUNGTRENNUNG(nBu)2 in THF (0.5m, 0.9 mL, 0.42 mmol,) gave (workup C) (�)-2a
(51 mg, 92%) as a colorless oil with 94% regioselectivity (GC, Supelco
Wax 10). [a]20


D =�14.5 (c=1.9 in CHCl3). Spectroscopic data were identi-
cal to those of (+)-2a.


(+)-4a : Compound (�)-2a (35 mg, 0.25 mmol) gave (+)-4a (26 mg,
88%, 97% ee ; GC (Hydrodex-b, 65 8C, isotherm, 1.3 bar He)). Spectro-
scopic data were identical to those of (�)-4a.


(�)-2c : (Table 1, entry 8): Following the general procedure, a mixture of
(�)-3 (81 mg, 0.2 mmol, addition time: 30 min) and a solution of Zn-
ACHTUNGTRENNUNG(nBu)2 in THF (0.5m, 0.9 mL, 0.42 mmol,) prepared by the reaction of
tBuLi with ZnCl2 gave (workup C) (�)-2c (20 mg, 68%) as a colorless
oil with 75% regioselectivity (GC, Supelco Wax 10). [a]20


D =�12.9 (c=1.9
in CHCl3). Spectroscopic data were identical to those reported for
(+)-2c.


(�)-4c : Compound (�)-2c (42 mg, 0.3 mmol) gave (�)-4c (30 mg, 86%,
74% ee ; GC (Hydrodex-b, 50 8C, isotherm, 1.0 bar He)). Spectroscopic
data were identical to those of (+)-4c.


(+)-2d : (Table 1, entry 9): Following the general procedure, a mixture of
(�)-3 (81 mg, 0.2 mmol, addition time: 30 min) and a solution of diphenyl
zinc in THF (0.3m, 1.5 mL, 0.44 mmol) gave (workup C) (+)-2d (27 mg,
86%) as a colorless oil with 93% regioselectivity (GC, Supelco Wax 10)
and 94% ee determined by GC (Hydrodex-b, 50 8C, isotherm, 1.0 bar
He). Spectroscopic data were identical to those of (�)-2d.


(+)-7g : (Table 2, entry 10): Following the general procedure, a mixture
of (�)-8 (48 mg, 0.067 mmol, E/Z=98.5:1.5, >99% ee) and a solution of
diethyl zinc in THF (1.0m, 0.17 mL, 0.17 mmol) gave (workup D), after
column chromatography with PE (60:70)/EtOAc (95:5), (+)-7g (24 mg,
85%) as a colorless oil with SN2’/SN2>99:1, E/Z>99:1, 97% ee deter-
mined by HPLC. [a]20


D =++6.5 (c=0.87 in CHCl3); HPLC (2PChiralcel
OD-H, 15 8C, 0.5 mL n-heptane/min, 227 nm): tR(�)-7g=70.71 min
(1.5%), tR(+)-7g=74.20 min (98.5%). Spectroscopic data were identical
to those of (�)-7g.


(+)-7h (Table 2, entry 11): Following the general procedure, a mixture of
(�)-8 (31 mg, 0.043 mmol, E/Z=98.5:1.5, >99% ee) and a solution of
Zn ACHTUNGTRENNUNG(nBu)2 in THF (1.0m, 0.10 mL, 0.10 mmol) gave (workup D), after
column chromatography with PE (60:70)/EtOAc (95:5), (+)-7h (17 mg,
87%) as a colorless oil with SN2’/SN2>99:1, E/Z>98:2, 99% ee deter-
mined by HPLC. [a]20


D =++9.1 (c=0.87 in CHCl3). HPLC (2PChiralcel
OD-H, 15 8C, 0.5 mL n-heptane, 227 nm): tR(�)-7h=20.01 min (0.5%),
tR(+)-7h=21.90 min (99.5%). Spectroscopic data were identical to those
of (�)-7h.


(+)-7 i (Table 2, entry 12): Following the general procedure, a mixture of
(�)-8 (89 mg, 0.124 mmol, E/Z=98.5:1.5, >99% ee) and a solution of
diisopropyl zinc in THF (1.0m, 0.30 mL, 0.30 mmol) gave (workup D),
after column chromatography with PE (60:70)/EtOAc (95:5), (+)-7 i
(51 mg, 94%) as a colorless oil with SN2’/SN2=97:3, E/Z>99:1, 99% ee
determined by HPLC after TBDPS removal at the stage of the resulting
allylic alcohol as described above for (�)-7 i. Spectroscopic data were
identical to those of (�)-7 i.


(�)-12a (Table 3, entry 10): Following the general procedure, a mixture
of (�)-10b (108 mg, 0.25 mmol, 97% ee) and a solution of dimethyl zinc
in THF (1.0m, 0.60 mL, 0.60 mmol) gave (workup D), after column chro-
matography with pentane, (�)-12a (41 mg,>95%) as a colorless oil with
SN2’/SN2=99:1 and 93% ee determined by GC (GC method described
above for (+)-12a). Spectroscopic data were identical to those of
(+)-12a.


(�)-12b (Table 3, entry 9): Following the general procedure, a mixture of
(�)-10b (108 mg, 0.25 mmol, 97% ee) and a solution of dimethyl zinc in
THF (1.0m, 0.60 mL, 0.60 mmol) gave (workup D), after column chroma-
tography with pentane, (�)-12b (53 mg, >95%) as a colorless oil with
SN2’/SN2>99:1 and 97% ee determined by GC (GC method described
above for (+)-12b). Spectroscopic data were identical to those of
(+)-12b.


(+)-12c (Table 3, entry 11): Following the general procedure, a mixture
of (�)-10b (108 mg, 0.25 mmol, 97% ee) and a solution of dimethyl zinc
in THF (1.0m, 0.60 mL, 0.60 mmol) gave (workup D), after column chro-
matography with pentane, (+)-12c (48 mg, >95%) as a colorless oil with
SN2’/SN2=97:3 and 94% ee determined by GC (GC method described
above for (�)-12c). Spectroscopic data were identical to those of
(�)-12c.


(+)-12a (Table 3, entry 12): Following the general procedure, a mixture
of (�)-11b (104 mg, 0.25 mmol, 94% ee) and a solution of diethyl zinc in
THF (1.0m, 0.60 mL, 0.60 mmol) gave (workup D), after column chroma-
tography with pentane, (+)-12a (40 mg,>95%) as a colorless oil with
SN2’/SN2>99:1 and 93% ee determined by GC (GC method described
above for (�)-12a). Spectroscopic data were identical to those of
(�)-12a.


(�)-13a (Table 3, entry 13): Following the general procedure, a mixture
of (�)-11b (104 mg, 0.25 mmol, 94% ee) and a solution of Zn ACHTUNGTRENNUNG(nBu)2 in
THF (1.0m, 0.60 mL, 0.60 mmol) gave (workup D), after column chroma-
tography with pentane, (�)-13a (53 mg,>95%) as a colorless oil with
SN2’/SN2=99:1 and 94% ee determined by GC (GC method described
above for (+)-13a). Spectroscopic data were identical to those of
(+)-13a.


(+)-13b (Table 3, entry 14): Following the general procedure, a mixture
of (�)-11b (104 mg, 0.25 mmol, 94% ee) and a solution of Zn ACHTUNGTRENNUNG(nBu)2 in
THF (1.0m, 0.60 mL, 0.60 mmol) gave (workup D), after column chroma-
tography with pentane, (+)-13b (44 mg,>95%) as a colorless oil with
SN2’/SN2=99:1 and 93% ee determined by GC (GC method described
above for (�)-13b). Spectroscopic data were identical to those of
(�)-13b.


ACHTUNGTRENNUNG(R,E)-5-(tert-butyldimethylsilanyloxy)-2-ethyl-2-methylpent-3-en-1-ol:[28]


A solution of (�)-7b (188 mg, 0.50 mmol) in dichloromethane/water
(20:1, 10 mL) was treated with DDQ (142 mg, 0.63 mmol) in one portion.
The resulting green suspension was stirred at room temperature for
45 min, and a saturated aqueous solution of NaHCO3 (40 mL) was
added. The aqueous phase was separated and extracted with dichloro-
ACHTUNGTRENNUNGmethane (4P20 mL). The combined organic phases were washed with
brine (20 mL), dried (MgSO4), and the solvent was removed under re-
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duced pressure. The brown oily residue contained a 1:1 mixture of the
deprotected alcohol and 4-methoxybenzaldehyde, and was used for the
next step without further purification. 1H NMR (300.064 MHz, CDCl3):
d=0.07 (s, 6H), 0.82 (t, 3H, J=7.5 Hz), 0.91 (s, 9H), 0.99 (s, 3H), 1.36
(m, 2H), 3.35 (m, 2H), 4.19 (d, 2H, J=3.7 Hz), 5.51 (d, 1H, J=16.0 Hz),
5.58 ppm (m, 1H). The resonance for the OH proton could not be detect-
ed.


(�)-(R,E)-5-(tert-butyldimethylsilanyloxy)-2-ethyl-2-methylpent-3-en-1-
al:[28] The crude alcohol obtained above (179 mg of the above isolated
mixture, which corresponds to �116 mg alcohol, 0.46 mmol) in dichloro-
methane (1 mL) was added to a suspension of Dess–Martin periodinane
(229 mg, 0.54 mmol) in dichloromethane (2 mL) over 5 min and stirred at
room temperature for 60 min (TLC control). The reaction was quenched
with a solution of Na2S2O3 in a saturated aqueous solution of NaHCO3


(2.5 g per 10 mL, 20 mL). The aqueous phase was separated and extract-
ed with diethyl ether (3P20 mL), and the combined organic phases were
washed with water (10 mL) and dried (MgSO4). The solvent was removed
under reduced pressure, and the yellow residue was purified by column
chromatography (PE/EtOAc=95:5) to give the product aldehyde
(100 mg, 87%). [a]21


D =�40.2 (c=1.10 in CHCl3);
1H NMR


(300.064 MHz, CDCl3): d=0.07 (s, 6H), 0.85 (t, J=7.5 Hz, 3H), 0.91 (s,
9H), 1.15 (s, 3H), 1.63 (m, 2H), 4.2 (d, J=2.6 Hz, 2H), 5.62 (m, 2H),
9.37 ppm (s, 1H).


(�)-9 :[26,29] NaClO2 (115 mg, 1.27 mmol) and NaH2PO4·H2O (132 mg,
0.96 mmol) in water (1.15 mL) were added slowly with stirring to a solu-
tion of the aldehyde obtained above (38 mg, 0.148 mmol) and 2-methyl-
2-butene (0.67 mL) in tert-butanol (3 mL) at room temperature. Stirring
was continued for 60 min (TLC control). The reaction mixture was
evaporated under reduced pressure, diluted with water (10 mL), and
acidified with HCl (5% in water) to pH 2–3. Extraction with diethyl
ether/dichloromethane (3:1, 6P10 mL), washing of the combined organic
phases with brine (10 mL), drying over MgSO4, and removal of the sol-
vent in vacuo furnished the crude carboxylic acid. The crude acid was dis-
solved in diethyl ether/dichloromethane (3:1, 5 mL) and treated with di-
azomethane (1 mL, 0.28 mmol, 0.28m solution in diethyl ether) for
10 min at room temperature. The solvent was removed in vacuo, and the
residue was purified by column chromatography (PE/EtOAc=95:5) to
furnish (�)-9 (35 mg, 83%). [a]22


D =�5.6 (c=0.54, CHCl3) (referen-
ce [7a]: [a]17


D =�4.7 (c=0.86, CHCl3));
1H NMR (500.003 MHz, CDCl3):


d=0.04 (s, 6H), 0.81 (t, J=7.5 Hz, 3H), 0.88 (s, 9H), 1.24 (s, 3H), 1.58
(dq, J=13.6, 7.5 Hz, 1H), 1.75 (dq, J=13.7, 7.5 Hz, 1H), 3.66 (s, 3H),
4.18 (d, J=5.1 Hz, 1H), 4.19 (d, J=5.1 Hz, 1H), 5.58 (dpt, J=15.7,
5.1 Hz, 1H), 5.82 ppm (dt, J=15.7, 1.5 Hz, 1H); 13C NMR (125.741 Hz,
CDCl3): d=�5.1 (2C), 9.0, 18.4, 20.4, 25.9 (3C), 32.2, 48.2, 51.8, 63.9,
128.5, 133.7, 176.4 ppm. The analytical data correspond to those reported
previously.[26,29]
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Introduction


DNA or DNA-like molecules provide suitable building
blocks for the construction of special geometric DNA ob-
jects, as the base sequences of DNA associate through spe-
cial complementary base pairing with high specificity.[1–3]


Thus, assembly of special-sequence DNA units result in spe-
cial supramolecular nanostructures that include cubes,[4] oc-
tahedrons,[5,6] cages,[7] and two-dimensional arrays.[8] Since
the pioneering work by Seeman and co-workers,[1–5] combi-
nations of several single-stranded DNA units with unique se-
quences have been used as building blocks for DNA-based
nanostructures, which may be applied in molecular devi-
ces.[8–14]


In another strategy for the formation of DNA nanostruc-
tures by the assembly of DNA units, linear and branched
DNA units, in which two, three, or four oligonucleotides are
connected to a central linker molecule, were recently de-
vised by several groups. Four example, bi- or trifunctional
organic molecules have been used as branched linker mole-


cules for the programed assembly of DNA nanostruc-
tures.[15–17] Alternatively, metal complexes of RuII,[18,19]


FeII,[20] and NiII[21] have been employed as central linker mol-
ecules for the assembly of DNA-based supermolecules. The
combination of a MnII complex with a linear or branched
DNA unit was also reported for the formation of DNA-
based superstructures.[22] Shi and Bergstrom devised a V-
shaped molecule in which the 3’-ends of two complementary
oligonucleotides are attached to a bifunctional linker.[15] The
V-shaped DNA molecule forms several nanosized macrocy-
cles by self-assembly. Von Kiedrowski and co-workers re-
ported a tris-DNA module in which three oligonucleotides
of the same sequence are connected to a trifunctional linker
at the 3’-end.[16] The two complementary trifunctional DNA
units associate with each other to form dimeric nanoacety-
lene and tetrameric nanocyclobutadiene structures. The as-
sembly of the DNA modules was analyzed by gel electro-
phoresis. Shchepinov et al. reported a UV/thermal denatura-
tion study of complex formation from complementary DNA
dendrimers.[23] Although they estimated the structure of the
DNA supramolecules from gel electrophoresis or UV melt-
ing studies, further experiments are needed to obtain more
information on the structure of such DNA association com-
plexes. We describe herein the synthesis of a branched tris-
DNA module in which two identical and one different oligo-
nucleotide are connected by a rigid linker molecule at the
5’-ends. We studied the association of the two complementa-
ry tris-DNA modules by AFM, gel electrophoresis, and UV
melting studies to gain more detailed insight into the assem-
bled structure.


Keywords: branched tris-DNA ·
DNA assembly · nanostructures ·
oligomerization · oligonucleotides


Abstract: Branched tris-DNA, in which two oligonucleotides of the same sequence
and one other oligonucleotide of a different sequence are connected with a rigid
central linker, was prepared chemically by using a DNA synthesizer. Two branched
tris-DNA molecules with complementary DNA sequences form dimer and tetra-
mer as well as linear and spherical oligomer complexes. The complex formation
was studied by UV/thermal denaturation, enzyme digestion, gel electrophoresis,
and AFM imaging.
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Results and Discussion


For the key building block of the branched tris-DNA, we
designed a branched linker molecule with a central 1,3,5-tri-
substituted benzene molecule connected to rigid phenylace-
tylene and benzene linkers to keep the three oligonucleotide
units apart (Figure 1). Thus, 1,3,5-tribromobenzene was
treated with trimethylsilylacetylene and palladium(II) com-
plex/copper(I) iodide catalyst, followed by alkaline hydroly-
sis of the trimethylsilyl group to give 1,3,5-triethynylbenzene
(1). Compound 1 was then treated with ethyl 4-iodoben-
zoate in the presence of palladium(II) complex/copper(I)
iodide catalyst to yield the 1,3,5-trisubstituted benzene 2
with terminal ester groups, which were hydrolyzed by lithi-
um hydroxide to form the corresponding tricarboxyl-substi-
tuted benzene derivative 3. Treatment of 3 with thionyl
chloride followed by reaction with ethanolamine gave 4,
which bears three terminal hydroxy groups and a rigid
linker. Compound 4 was treated with dimethoxytrityl chlo-
ride (DMTrCl; 2.1 mol equiv) to form mono-, bis-, and tris-
DMTr-substituted compounds along with the unsubstituted
one. Bis-DMTr-substituted benzene derivative 5 was ob-
tained in 34% yield after silica-gel chromatography. Phos-
phitylation of 5 with 2-cyanoethyl-N,N’-diisopropylchloro-


phosphoramidite gave the amidite reagent 6, which was
used to synthesize the branched tris-DNA by solid-phase
phosphoramidite chemistry with a conventional DNA syn-
thesizer (see Experimental Section). Denatured polyacryl-
amide (8%) gel electrophoresis (PAGE) analysis of the
branched tris-DNA showed the formation of the target tris-
DNA A along with two main oligonucleotide byproducts A’
and A’’ (Figure 2). The latter is likely to be truncated at the
branched part, whereas the former is a bis-oligonucleotide
in which extension of one oligonucleotide (ODN) unit from
the branched linker was unsuccessful. The resulting tris-
DNA A was purified by disc-preparative gel electrophoresis.
From half of the crude mixture, we obtained 9.6 ODU260 of
A. The structure of A was confirmed by enzyme digestion
with nuclease P1, snake venom phosphodiesterase, and alka-
line phosphatase, followed by HPLC analysis. The nucleo-
side composition A/G/C/T, analyzed by HPLC, was
12.7:17.6:18.8:23.1, which is nearly consistent with the de-
sired composition of the A. The structure of A was further
confirmed by MALDI-TOF MS. The branched tris-DNA B
was synthesized and purified by the same method, and
23 ODU260 of B was obtained after preparative PAGE. The
sequences of A and B are shown in Figure 2. A has one
ODN-1 and two ODN-2 strands, and B has one ODN-1’ and


Figure 1. Synthesis of branched phosphoramidite 6. 1) HC�C�Si ACHTUNGTRENNUNG(CH3)3/[Pd ACHTUNGTRENNUNG(PPh3)2Cl2], CuI, Et2NH. 2) NaOH (aq)/EtOH. 3) Ethyl 4-iodobenzoate/[Pd-
ACHTUNGTRENNUNG(PPh3)2Cl2], CuI, Et2NH. 4) LiOH (aq)/THF. 5) a) SOCl2; b) H2N ACHTUNGTRENNUNG(CH2)2OH/CH2Cl2; c) DMTrCl/DMAP, pyridine, TEA. 6) (iPr)2NP(Cl)OCH2CH2CN/
DIPEA, CH2Cl2. DIPEA=diisopropylethylamine, DMAP=4-dimethylaminopyridine, TEA= triethylamine.
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two ODN-2’ strands. The sequence of ODN-1 is comple-
mentary to that of ODN-1’, and that of ODN-2 is comple-
mentary to that of ODN-2’. Thus, A and B are complemen-
tary to one another.


Figure 3 shows a UV thermal denaturation curve for a
combination of A and B, along with five different combina-
tions of component ODNs under the same conditions: A
and ODN-1’, A and ODN-2’, A, ODN-1’, and ODN-2’,


ODN-1 and ODN 1’, and
ODN-2 and ODN-2’. The UV
melting temperatures (Tm) and
hypochromicities of A, B, and
the component ODNs are
listed in Table 1. A and B
could only hybridize with one-
armed components ODN-1
and ODN-1’ or ODN-2 and
ODN-2’. However, this possi-
bility was excluded by enzyme
digestion of the complex from
A and B with mung bean nu-
clease (see below), which
cleaves single-stranded but not
double-stranded DNA. The
enzyme digestion shows that
the complex is resistant to the
enzyme (Figure 4d) and has no


single-stranded region. The results show that A and B hy-
bridize simultaneously with three-armed component ODN
units. Shchepinov et al. reported that complementary
branched oligonucleotide dendrimers show an increase in
Tm values relative to the component complementary linear
oligonucleotides.[23] Their branched oligonucleotide den-
drimers have a flexible linker as a branching unit. The hypo-
chromicity of the complex formed from A and B was small-
er than those from the corresponding component ODNs.
The cooperativity of duplex formation could be affected by
the formation of a special structure from the complementary
branched tris-DNA molecules. Our study indicates that the
hybridization ability between the branched tris-DNA mole-
cules with a rigid linker is likely to be reduced relative to
that of the component oligonucleotides by the steric hin-
drance of the central linker.


Solutions of equimolar amounts of A and B were dena-
tured at 95 8C and then cooled slowly to room temperature.
The formation of the complex between A and B was moni-
tored by agarose gel electrophoresis. The mobility data of
the gel indicates formation of the dimer and tetramer along
with small amounts of higher complexes up to the decamer
(Figure 4b). The branched tris-DNA molecules and their
complex showed lower mobility relative to linear DNA of
similar chain length because the branched DNA has a large
linker molecule and cannot form a compact structure. At
lower tris-DNA concentrations, formation of higher com-
plexes was decreased relative to the dimer and tetramer
(Figure 4b, lanes 4–8). When the mixture of A and B was


Figure 2. a) Structure of tris-DNA A and B. b) Results of PAGE of A and B. Lane 1: size-marker DNA (100–
400 bp); lane 2: purified B; lane 3: unpurified A (large amount); lane 4: unpurified A (small amount). A’ and
A’’ are the two truncated byproducts of the synthesis of A.


Figure 3. Thermal denaturation curves of the complexes between tris-
DNA A and B and their component oligonucleotides. UV Tm measure-
ments were carried out for the complex between the complementary oli-
gonucleotides (0.25 mm each) in phosphate buffer (10 mm, pH 7.0) con-
taining NaCl (0.1m) at 260 nm with a rate of temperature increase of
0.2 8Cmin�1. a)c=A and B, g=A and ODN-1’ (0.25 mm)+ODN-2’
(0.5 mm). b) b=A and ODN-1’, d=A and ODN-2’. c) g=ODN-1
and ODN-1’, c=ODN-2 and ODN-2’.


Table 1. UV melting temperatures and hypochromicities of A, B, and the component ODNs.[a]


DNA T [8C] Hypochromicity [%] DNA T [8C] Hypochromicity [%]


A+B 64.4 15 ODN-1+ODN-1’ 61.7 26
A+ODN-1’+2KODN-2’ 60.9, 68.0 19 ODN-2+ODN-2’ 68.0 23
A+ODN-1’ 59.4 19 A
A+ODN-2’ 68.5 16 B


[a] 0.25 mm of each DNA compound was used for the UV melting study for both A and B.
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cooled quickly, formation of higher oligomer complexes was
increased, probably because hybridization between A and B
took place randomly (Figure 4b, lane 9). The dimer and oli-
gomeric complexes may contain one, two, or three double-
stranded oligonucleotide regions. We conducted enzyme di-
gestion of the complex with mung bean nuclease to charac-
terize the structure of the complexes (Figure 4d). Mung
bean nuclease cleaves single-stranded regions of DNA, and
thus degrades A completely (Figure 4d, lane 3). On the
other hand, the complex between A and B was found to be
completely resistant to the enzyme (Figure 4d, lane 5). The
complex formed from A and its branch components ODN-1’
(1 mol equiv) and ODN-2’ (2 mol equiv) also showed resist-
ance to the enzyme (Figure 4d, lane 7). The fact that the
complex formed between A and B is resistant to this
enzyme indicates that the complex has three double-strand-
ed oligonucleotide regions. Similar bimolecular association
was also observed in the case of the self-assembly of tris-oli-


gonucleotides.[16] When A and B are mixed in a 1:2 or 1:4
molar ratio to form the complex, the band ascribed to the
trimer is observed in substantial amounts (Figure 4c, lanes 5
and 6). A possible structure of the trimer is shown in Fig-
ure 4a.


We conducted an AFM study to characterize the structure
of the complex formed from equimolar amounts of A and
B. The concentration of the tris-DNA molecules was de-
creased to 0.1 mm in the AFM study. The measuring space
was 1K1 or 0.5K0.5 mm2. Figure 5 shows a typical AFM


image of the complexes observed at one portion. There are
many spots approximately 10 nm in size, three of which are
shown at the tip of the arrow on the upper left. These are
images of the dimer or tetramer complexes. The length of a
double strand of DNA with chain length of 24 mer is esti-
mated to be 8–9 nm, because one base-pair unit is 0.34 nm
long. The tris-DNA unit has three 24-mer DNA arms and
long linkers. If A and B, each with three 24-mer DNA arms,
hybridize together to form the dimer shown in Figure 5, it
will be an ovallike structure approximately 10 nm long. Be-
sides the dimer images, some linear and spherical images
are also observed, as shown at the tip of the thin arrow and
in the circle, respectively. The linear complexes are com-
posed of four to eight branched DNA units, as estimated
from the length of the images. The spherical complexes are
also likely to be composed of four to eight units (Figure 5).
The AFM image of the other observation point also displays
the presence of dimeric, linear, and spherical oligomeric
complexes (Supporting Information). The sizes of the com-
plexes in the AFM images are roughly consistent with those
observed with gel electrophoresis. This study indicates that
the branched tris-DNA unit could serve as a module for the
assembly of various types of highly ordered structures, al-
though our attempt at forming a single discrete DNA nano-


Figure 4. The association of branched tris-DNA A and B studied by agar-
ose gel electrophoresis. a) Possible structure of complexes from A and B.
b) Association complex from A and B (1:1) after annealing in NaCl
(100 mm) and phosphate buffer (10 mm, pH 7.0) with slow cooling.
Lane 1: DNA marker (100–1500 bp); lane 2: B (0.5 mm) ; lane 3: A;
lane 4: A and B (2 mm) ; lane 5: A and B (1.0 mm) ; lane 6: A and B
(0.5 mm) ; lane 7: A and B (0.25 mm) ; lane 8: A and B (0.1 mm) ; lane 9: A
and B (0.5 mm) with quick cooling. c) Complex from A and B in different
molar ratios after annealing in NaCl (100 mm) and phosphate buffer
(10 mm, pH 7.0) with slow cooling. Lane 4: A (0.5 mm) and B (0.5 mm) ;
lane 5: A (0.33 mm) and B (0.67 mm) ; lane 7: A (0.2 mm) and B (0.8 mm).
d) Complex from A and B before and after digestion with mung bean nu-
clease. Lanes 2, 4, and 6: before enzyme digestion; lanes 3, 5, and 7: after
enzyme digestion; lanes 2 and 3: A ACHTUNGTRENNUNG(0.5 mm) ; lanes 4 and 5: A and B
(1.0 mm) ; lanes 6 and 7: A (1.0 mm), ODN-1’ (1.0 mm) and ODN-2’
(2.0 mm).


Figure 5. AFM image of the association complex from tris-DNA A and B
and the assigned structure.
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structure by hybridization of the branched DNA was unsuc-
cessful. The branched DNA units of this type could form
dimer, trimer, tetramer, linear, spherical, and dendrimer
complexes with various DNA units by hybridization. Further
studies on the type of linker molecule and hybridization
procedure will be required to provide information to allow
us to form a single, special complex structure among the
many possible structures.


Conclusions


We have prepared a branched tris-DNA molecule in which
two different sequences of oligonucleotides are linked in a
1:2 ratio by a rigid and long linker molecule. Two comple-
mentary branched tris-DNA molecules can hybridize to
form primarily a dimer complex in addition to tetramer,
linear, and spherical oligomeric complexes.


Experimental Section


Materials


The phosphoramidite reagents for DNA synthesis 5’-DMT-deoxynucleo-
side, 3’-b-cyanoethyl-N,N’-diisopropylphosphoramidite, 3’-DMT-deoxynu-
cleoside, 5’-b-cyanoethyl-N,N’-diisopropylphosphoramidite, and DMT-
hexaethyloxyglycol- b-cyanoethyl-N,N’-diisopropylphosphoramidite
(DMT=4,4’-dimethoxytrityl) were purchased from ChemGenes Co. Oli-
gonucleotides 5’-GTAATCATGGTCATAGCTGTTTCC-3’ (ODN-1), 5’-
GCTGCAACATTTTGCTGCCGGTCA-3’ (ODN-2), 5’-GGAAA-
CAGCTATGACCATGATTAC-3’ (ODN-1’), and 5’-CGACGTTG-
TAAAACGACGGCCAGT-3’ (ODN-2’) were obtained from Hokkaido
System Science Co. All other chemicals were reagent-grade and were
used without further purification.


Analytical Methods


1H and 31P NMR spectra were obtained with a JEOL a-500 or a JEOL
AL-300 spectrometer. Tetramethylsilane (TMS) and phosphoric acid
(85%) were used as the internal standards for 1H and 31P NMR spectros-
copy, respectively. UV/Vis spectra were obtained with a Shimadzu 1200
spectrometer. ESI mass spectra were recorded on a PE-Sciex API-100
mass spectrometer. MALDI-TOF mass spectra were recorded on a Shi-
madzu AXIMA-CFR instrument with 3-hydroxypicolinic acid/ammonium
citrate/ethanol as matrix. The UV/thermal denaturation behavior of the
association complex of the DNA was recorded with a Shimadzu UV-2550
instrument with TMSPC-8 from 30 to 80 8C at a rate of 0.2 8Cmin�1. The
Tm value of the association complex was estimated from the first differen-
tial of the thermal denaturation curve. The AFM image was taken at the
Research Institute for Biomolecular Studies (Tsukuba, Japan) with a
Digital Instruments NanoScope IIIa. HPLC was carried out with a Wako-
sil-ODS/silica-gel column (4 mmK250 mm) and a linear-gradient elution
of acetonitrile in triethylammonium acetate (50 mm) at a flow rate of
1.0 mLmin�1. Gel electrophoresis of the association complex from the
branched-DNA units was carried out with agarose (2%) at 50 V for 1.5
or 2 h, and visualization was obtained by staining with ethidium bromide.


Syntheses


1: Trimethylsilyl acetylene (13.0 mL, 94.0 mmol) was added to a solution
of 1,3,5-tribromobenzene (8.0 g, 25.4 mmol), cuprous iodide (0.09 g,
0.45 mmol), and dichlorobis(triphenylphosphine)palladium(II) (0.338 g,
0.47 mmol) in diethylamine (230 mL) with stirring, and the reaction mix-
ture was stirred at 50 8C for 12 h. The mixture was filtered through a
glass filter, and the filtrate was evaporated to dryness under reduced
pressure. The residue was dissolved in diethyl ether and washed with


water. The organic layer was dried with anhydrous magnesium sulfate,
evaporated, and subjected to chromatography on silica gel with ethyl ace-
tate/hexane as eluent. Tris(trimethylsilylethynyl)benzene was obtained as
a white solid (8.3 g, 89%). Aqueous NaOH (1n, 100 mL) was then added
to a solution of the tris(trimethylsilylethynyl)benzene (8.3 g, 22.7 mmol)
in ethanol (80 mL), and the reaction mixture was heated with stirring at
40 8C for 12 h. The solvent was evaporated, and the residue was extracted
with diethyl ether. The organic layer was dried over anhydrous magnesi-
um sulfate and evaporated to dryness to yield 1 (3.34 g, 98%). 1H NMR
(CDCl3): d=7.58 (s, 3H), 3.10 ppm (s, 3H).


4 : 1,3,5-Triethynylbenzene (3.19 g, 21 mmol) was added to a solution of
ethyl 4-iodobenzoate (14.3 mL, 86 mmol), cuprous iodide (0.06 g,
0.30 mmol), and dichlorobis(triphenylphosphine)palladium(II) (0.31 g,
0.44 mmol) in diethylamine (230 mL) with stirring. The reaction mixture
was stirred for 24 h and then evaporated. The residue was dissolved in di-
chloromethane, washed with water, and the organic layer was dried with
anhydrous magnesium sulfate. The solvent was removed by evaporation,
and the residue was subjected to chromatography on silica gel with ethyl
acetate/dichloromethane as eluent to yield 2 (11.4 g, 93%). A solution of
LiOH–H2O (5.14 g, 122 mmol) in 50 mL water was added to a solution of
2 (7.3 g, 12.2 mmol) in THF (150 mL) containing water (15 mL), and the
reaction mixture was stirred for 12 h at room temperature. THF was re-
moved from the reaction mixture by evaporation, and the pH of the
aqueous solution was adjusted to pH 1.0 by addition of HCl (4.0m). The
resulting white precipitate was collected by filtration, washed with etha-
nol, and dried in vacuo to give 3 (5.4 g, 86%). Thionyl chloride (11.4 mL,
0.16 mol) was then added to a solution of 3 (5.3 g, 10.5 mmol) in dry di-
chloromethane (200 mL), and the mixture was heated under reflux with
stirring overnight. The reaction mixture was evaporated, and the residue
was dissolved in dichloromethane (170 mL), followed by the addition of
ethanolamine (8.3 mL, 0.14 mol). The solution was stirred overnight at
room temperature and then evaporated; the resulting residue was dis-
solved in a small quantity of methanol, which was then added dropwise
to distilled water with stirring. The resulting white precipitate was collect-
ed by centrifuge, washed with water, and dried in vacuo to give 4 (3.4 g,
51%). 1H NMR ([D6]DMSO): d=8.57 (t, J=5. 1 Hz, 3H, NH), 7.82 (d,
J=8.1 Hz, 6H, ArH), 7.73 (s, 3H, ArH), 7.62 (d, J=8.1 Hz, 6H, ArH),
3.52 (t, J=5.1 Hz, 6H, CH2), 3.32 ppm (t, 6H, CH2); MS (ESI) (positive
mode): m/z calcd: 640.7 [M+H], 662.7 [M+Na]+ ; found: 640.4, 662.4.


6 : 4-Dimethylamino pyridine (0.05 g), dry pyridine (6 mL), and dry tri-
ethylamine (1.4 mL) were added to 4 (0.8 g, 1.25 mmol), which was then
co-evaporated with pyridine three times to remove trace amounts of
water. A solution of DMTrCl (0.89 g, 2.63 mmol) in dry pyridine (3 mL)
was added to the above solution and kept overnight, both with stirring.
The reaction mixture was treated with saturated sodium hydrogen car-
bonate solution and extracted with dichloromethane. The organic layer
was dried with anhydrous magnesium sulfate and evaporated, and the
residue was subjected to chromatography on silica gel. The appropriate
fractions were collected and evaporated to dryness. The residue was dis-
solved in a small quantity of dichloromethane, and the solution was
poured into hexane with stirring to precipitate 5 as a white powder
(0.34 g, 33%). Compound 5 (0.385 g, 0.31 mmol) was then co-evaporated
with pyridine three times and dissolved in dichloromethane (5 mL).
After the addition of diisopropylethylamine (0.135 mL, 0.78 mmol) to the
solution, 2-cyanoethyl-N,N’-diisopropylchlorophosphoramidite (152 mL,
0.68 mmol) was added dropwise, and the mixture was stirred for 1 h at
room temperature. Dry methanol (0.2 mL) was added to the reaction
mixture, and the solution was poured into ethyl acetate (50 mL) and
washed with saturated sodium hydrogen carbonate solution. The organic
layer was dried with anhydrous sodium sulfate and evaporated. The resi-
due was subjected to chromatography on silica gel with ethyl acetate/di-
chloromethane as eluent. The appropriate fractions were collected and
evaporated to dryness. The residue was dissolved in a small quantity of
dichloromethane and poured into hexane with stirring to precipitate 6 as
a white powder (0.32 g, 72%). 1H NMR (CDCl3): d=7.72 (d, J=5.1 Hz,
6H, ArH), 7.70 (s, 3 h, ArH) 7.60 (d, J=5.1 Hz, 6H, ArH), 7.43 (d, J=
4.2 Hz, 4H, ArH), 7.32 (d, J=5.4 Hz, 8H, ArH), 7.28 (t, J=4.2 Hz, 4H,
ArH), 7.22 (d, J=4.2 Hz, 2H, ArH), 3.78 (s, 12H, OCH3), 3.71 (t, 2H,
OCH2), 3.65 (t, J=3.3 Hz, 6H, OCH2), 3.38 (t, J=3.3 Hz, 6H, CH2N),
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2.63 (t, 2H, CH2CN), 1.20 (dd, 12H, CH3), 0.90 ppm (m, 2H, CH);
31P NMR (CDCl3): d=149.2 ppm (s).


Branched tris-DNA: Branched tris-DNA was synthesized by solid-phase
phosphoroamidite chemistry with an ABI-392 DNA synthesizer on the 1-
mmol scale. The synthesis of A was carried out in the direction 3’!5’ with
3’-phosphoramidite reagents, followed by hexaethyloxylglycol spacer ami-
dite, then 6. The time and number of couplings of 6 was extended to
360 s and two, respectively, to improve the coupling yield. Subsequently,
removal of the two DMTr groups from 6 was also performed twice to in-
crease its efficiency. The hexaethyloxyglycol spacer amidite was then in-
troduced, and the two identical oligonucleotides were extended in the di-
rection 5’!3’ with 5’-phosporamidite. The efficiency for the introduction
of 6 was 60%, and that for the introduction of hexaethyloxylglycol
spacer after 6was 72%, as estimated from a trityl coloring assay. On the
other hand, the mean coupling efficiencies of DNA elongation before
and after 6 was introduced were 99.2 and 96.1%, respectively. After the
extension and removal of DMTr by acid treatment, removal of the pro-
tecting groups and cleavage from the solid support were carried out by
the usual method with aqueous ammonia (25%) at 55 8C for 12 h. The
formation of the branched tris-DNA was checked by PAGE followed by
staining with ethidium bromide. The resulting oligonucleotide was puri-
fied by disc-preparative gel electrophoresis by using polyacrylamide
(12%) with urea (7.0m), and its structure was confirmed by enzyme di-
gestion and MALDI-TOF MS. A: MS (MALDI-TOF): m/z calcd: 23829
[M�1]; found: 23822 (23000–24800). B: MS (MALDI-TOF): m/z calcd:
23999 [M�1]; found: 24369 (22000–27000).


Enzyme digestion of the branched-DNA was carried out in a solution
(25 mL) containing the DNA (0.5 ODU260), snake venom phosphodiester-
ase (0.25 units), alkaline phosphatase (1 unit) in MgCl2 (10 mm), and Tris/
HCl buffer (50 mm, pH 8.0) at 37 8C overnight, followed by digestion
with nuclease P1 (5 ng) in sodium acetate buffer (100 mm, pH 4.75) at
37 8C for 3 h. The resulting solution was heated at 95 8C for 1 min to de-
activate the enzyme and analyzed by HPLC.


Complex formation between A and B: UV Tm measurements were car-
ried out for the complex between A and B (0.25 mm each) in phosphate
buffer (10 mm, pH 7.0) containing NaCl (0.1m) at 260 nm with a rate of
temperature increase of 0.2 8Cmin�1. UV/thermal denaturation of A and
the component complementary oligonucleotide units was also measured
under the same conditions.


Agarose gel electrophoresis was carried out for the complex formed from
A and B as described below. A mixture of equimolar amounts of A and
B (both 2.0, 1.0, 0.5, 0.25 and 0.1 mm) in NaCl (100 mm) and phosphate
buffer (10 mm, pH 7.0) was heated at 95 8C on a hot-water bath and then
cooled. To investigate the effects of the cooling rate, a mixture of A and
B (0.5 mm) was heated at 95 8C and then cooled quickly on an ice bath.
Complex formation between A and B in 0.5 and 0.5 mm, 0.33 and 0.67 mm,
and 0.2 and 0.8 mm proportions, respectively, occurred under the same
conditions described above. The complex from A (1.0 mm) and B (1.0 mm)
was subjected to digestion with mung bean nuclease, as were A only and
the complex from A (1.0 mm), ODN-1’ (1.0 mm), and ODN-2’ (2.0 mm).
Mung bean nuclease digestion was carried out in a solution (10 mL) con-
taining the DNA, the enzyme (0.05 unitmL�1) in NaCl2 (100 mm), Zn-
ACHTUNGTRENNUNG(OAc)2 (1 mm), and AcONa buffer (30 mm, pH 5.0) at 37 8C for 30 min.


AFM was carried out with an atomic pressure-tapping mode microscope
and a silicone single-crystal probe (sssNCH, Nanoworld Co.). The sample
solution (1 mL) was mixed with fixation buffer (49 mL) and put on the
mica support, kept for 5 min, washed five times with milli-Q-treated
water, and dried with nitrogen gas.
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NMR Spectroscopic Observation of a Metal-Free Acetylide Anion


Yoshiyuki Tanaka,*[a] Makoto Arakawa,[a] Yohei Yamaguchi,[a] Chieko Hori,[a]


Masahiro Ueno,[a] Takeyuki Tanaka,[b] Tatsushi Imahori,[a] and Yoshinori Kondo[a]


Introduction


The carbanion is a fundamental reactive species that is uti-
lized in numerous organic reactions.[1] Generally, carbanions
are generated from organometallics, such as Grignard re-
agents, organolithiums, metal acetylides, and so on.[1,2] These
compounds can be regarded as carbanion equivalents, and
have been characterized extensively.[1–3] However, as op-
posed to other reactive intermediates[4] (carbocations, free
radicals, and carbenes), direct observation of intact or
metal-free carbanions in solution is still rare. Although free
carbanions have been characterized in the gas phase,[5] the
instability of intact or metal-free carbanions in solution have
hindered the development of methods for their observation.
Moreover, their characterization is important for the under-


standing and control of reactions of carbanions in solution.
To date, trials for the detection of metal-free carbanions in
solution[6] are limited to those from carbonyl,[6d] sulfonyl,[6a–c]


fluorenyl,[6e] and fluorocarbon[6f] compounds (Scheme 1).
Important carbanions (reactive intermediates) such as
metal-free acetylide anions (carbanions with a formal
charge on an sp-hybridized carbon atom) have remained un-
detected, in spite of their frequent use in organic synthesis.[1]
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Scheme 1. Known carbanion equivalents: a) sulfonylate, b) enolate,
ACHTUNGTRENNUNGc) fluorenyl anion, d) anion from a fluorocarbon. tBu-P4 is defined in
Figure 1.


Abstract: A metal-free acetylide was
observed by using NMR spectroscopy.
Metal-free acetylides are closely relat-
ed to reactive intermediates (carban-
ions) in solution; therefore, they have
been regarded as unobservable species.
However, we generated this highly re-
active and unstable species through the
deprotonation of phenylacetylene by
using the strong nonmetallic phospha-


zene base tBu-P4. In the presence of
tBu-P4, the J coupling between the eth-
ynyl carbon and hydrogen nuclei (1JC,H)
of phenylacetylene disappeared; this


indicates the deprotonation of the
alkyne terminal. Furthermore, a large
low-field shift (approximately 90 ppm)
of the alkyne carbon resonance was ob-
served. We concluded that we have ob-
served a metal-free carbanion with a
formal charge on an sp-hybridized
carbon atom for the first time.


Keywords: carbanions · density
functional calculations · metal-free
acetylide anions · phosphazenes ·
reactive intermediates
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Furthermore, the anionic centers of acetylide anions take a
different hybridization state from those of metal-free anions
such as enolates (carbanion equivalents of carbonyl com-
pounds).[6] Therefore, we tried to generate the metal-free
acetylide anion in solution.


NMR spectroscopy is suitable for observing reactive inter-
mediates, as it provides deep insight into the electronic
structures of organic and inorganic compounds.[7] In particu-
lar, simultaneous monitoring of the resonances of several
kinds of nuclei provides precise information about not only
the electronic state, but also the solution equilibrium.[2,8] We
previously reported the successful application of 15N, 113Cd,
and 13C NMR spectroscopy to the detection of metal–RNA
interactions.[8] In the case of organometallics, Collum and
co-workers revealed complexations and solution equilibria
of organolithium compounds by using 6Li, 13C, and
15N NMR spectroscopy.[2] Herein, we tried to detect the
metal-free phenylacetylide anion by means of 13C NMR
spectroscopy.


Results and Discussion


We postulated that metal-free carbanions can be generated
through deprotonation by an extraordinarily strong nonme-
tallic base. For this purpose, the phosphazene base tBu-P4[9]


is suitable, as it belongs to the strongest class of nonmetallic
bases (Figure 1a and c). In fact, tBu-P4 promotes the depro-
tonative functionalization of aromatics and the formation of
enynes from phenylacetylene (Scheme 2).[10] Furthermore,
the pKBH of tBu-P4 (30.2 in DMSO[11]) is higher than the


pKa of the alkyne proton of phenylacetylene (28.7 in
DMSO[12]) (Figure 1c), which means that tBu-P4 can deprot-
onate phenylacetylene. Therefore, by following the reaction
scheme in Figure 1a, we tried to generate metal-free phenyl-
acetylide anion and record its NMR spectrum in the pres-
ence of tBu-P4. To avoid undesired reactions of the acety-
lide anion, electrophiles were not added to the solutions.


For the sake of clarity, we used 13C-labeled phenylacety-
lene (mixture of Ph�C�13C�H (85%) and Ph�13C�C�H
(15%); see Experimental Section for details). To highlight
the presence or absence of the ethynyl proton of phenyl-
ACHTUNGTRENNUNGacetylene, 1-dimensional (1D) 13C NMR spectra (without 1H
decoupling) are useful for the following reasons. If a proton
is present on the ethynyl carbon, its resonance will be split
into two signals due to the one-bond C�H J coupling (1JC,H
�250 Hz; Ph�C�C�H ; Figure 1b). On the contrary, if the
ethynyl group is deprotonated, 1JC,H will disappear, and a
single ethynyl carbon resonance will be observed (Fig-
ure 1b). Furthermore, it is also interesting to monitor the
chemical shifts, as a large chemical shift perturbation is ex-
pected for the anion center.


In Figure 2, 1D 13C NMR spectra of phenylacetylene with
and without tBu-P4 are presented. In the absence of tBu-P4,
the alkyne terminal and internal carbon nuclei resonated at
80.7 and 84.3 ppm, respectively (Figure 2a and b and
Table 1). Surprisingly, in the presence of tBu�P4, the reso-
nance of the alkyne terminal carbon shifted to an extraordi-
narily low field at 168.7 ppm (Figure 2c and d and Table 1).
In general, alkyne carbon nuclei resonate between 65 and
95 ppm,[7b] and no alkyne carbon resonance at such a low


Scheme 2. Deprotonative functionalization with tBu-P4. o.n.=Overnight.


Abstract in Japanese:


Figure 1. Generation of metal-free phenylacetylide anion in solution with the phosphazene base tBu-P4. a) Course of the reaction. b) Putative spectral
pattern of the alkyne terminal carbon resonance at each stage. c) Structures of tBu-P4[9] and phenylacetylene with deprotonation site in gray.
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field has been reported. Furthermore, metal phenylacety-
lides resonate at different chemical shifts, at 100–150 ppm
(see Supporting Information), which indicates that they are
different compounds from the species observed here. There-
fore, this extraordinary low-field shift of the resonance of
the alkyne terminal carbon nucleus may indicate that we


have observed novel phenomena and an unknown acetylide
species. Interestingly, when deuterated trifluoroacetic acid
([D]TFA; 300 mmol) was added to the solution under basic
conditions (Figure 2c and d), neutral phenylacetylene was
recovered almost quantitatively, and deuterium was intro-
duced at the alkyne terminal (Ph�C�C�D) in significant
yield (the triplet resonances labeled with filled circles in Fig-
ure 2e and f). Although protonated phenylacetylene (Ph�
C�C�H) was also derived (the doublet resonances labeled
with empty circles in Figure 2e and f), it would have been
generated through back-donation of a proton from (H·tBu�
P4)+ (see Supporting Information).


Next, we considered the J coupling. Under neutral (usual)
conditions, one-bond C�H J coupling (1JC,H=252 Hz; Ph�
C�C�H) was observed as expected (Figure 2a and b and
Table 1). Under basic conditions, however, these couplings
disappeared (Figure 2c and d). As J coupling is generally
known to arise from a covalent bond, the disappearance of
1JC,H is direct evidence of the cleavage of the alkyne termi-
nal C�H bond. It probably means that the solutes were
transformed into phenylacetylide anions and phosphazeni-
um cations. In any case, the disappearance of the J coupling
is not explicable without the deprotonation of phenylacety-
lene. The data for the chemical shifts and coupling constants
unambiguously indicate the generation of a novel acetylide
species, most likely a metal-free acetylide anion in solution.
Notably, the carbon resonance of Ph�C�C�D was observed
as a triplet due to J coupling with D (I=1, 1JC,D=37.9 Hz),
which surely indicates that this resonance is that of the deu-
terated alkyne terminal carbon nucleus.


Theoretical chemical shifts from density functional theory
(DFT) calculations with the gauge-independent atomic orbi-
tal (GIAO) method also support the generation of an acety-
lide anion. The calculated chemical shift for the alkyne ter-
minal carbon of the phenylacetylide anion was 179.6 ppm,
whereas that of the neutral phenylacetylene was 81.9 ppm
(Table 1). Clearly, the observed chemical shift under basic
conditions is much closer to the calculated value of the
ACHTUNGTRENNUNGphenylacetylide anion (an ethynyl carbanion) than that of
the neutral phenylacetylene (see Experimental Section). In-
terestingly, the alkyne terminal carbon resonated at increas-
ingly lower field as the molar ratio [phenylacetylene]/ACHTUNGTRENNUNG[tBu-
P4] became smaller (Table 2). This means that the limiting


Figure 2. 1D 13C NMR spectrum (without 1H decoupling) for each condi-
tion. a) Spectrum of phenylacetylene alone (neutral conditions: 13C-la-
beled phenylacetylene (25 mm) at �30 8C). b) Magnified view around the
alkyne terminal carbon resonance in a). c) Spectrum of phenylacetylene
with tBu-P4 (basic conditions: 13C-labeled phenylacetylene (25 mm) and
tBu-P4 (250 mm) at �30 8C). d) Magnified view around the alkyne termi-
nal carbon resonance in c). e) Spectrum of phenylacetylene with tBu-P4
and [D]TFA (acidic conditions: 13C-labeled phenylacetylene (25 mm),
tBu-P4 (250 mm), and [D]TFA (500 mm) at �30 8C). f) Magnified view
around the alkyne terminal carbon resonance in e). The alkyne terminal
and internal carbon atoms and their resonances are labeled with circles
and stars, respectively. Open symbols: normal phenylacetylene under
neutral conditions; black symbols: phenylacetylene under basic condi-
tions; gray symbols: deuterated phenylacetylene.


Table 2. Dependence of the chemical shifts of alkyne carbon nuclei on
the molar ratio [phenylacetylene]/ ACHTUNGTRENNUNG[tBu-P4].


Species d(Ct) [ppm] d(Ci) [ppm]


Ph�C�C�H (1.0 equiv)+ tBu-P4[a] 140.8 104.0
Ph�C�C�H (0.1 equiv)+ tBu-P4[b] 168.7 113.6
Ph�C�C�H (0.01 equiv)+ tBu-P4[c] 172.0 114.4


[a] Phenylacetylene (140 mm) and tBu-P4 (140 mm) in [D8]THF/[D7]DMF
(2:3) at �30 8C. [b] Phenylacetylene (25 mm) and tBu-P4 (250 mm) in
[D8]THF/[D7]DMF (2:3) at �30 8C. [c] Phenylacetylene (2.0 mm) and
tBu-P4 (200 mm) in [D8]THF/[D7]DMF (2:3) at �20 8C. In this experi-
ment, 13C-labeled phenylacetylene was used for higher sensitivity. Other-
wise, the alkyne terminal resonances could not be observed below a
molar ratio of 0.1 equivalents.


Table 1. Experimental and calculated chemical shifts of alkyne carbon
nuclei.


Species d(Ct) [ppm][a] d(Ci) [ppm][b] 1JC,H [Hz]


Ph�C�C�H (neutral) 80.7[c] 84.3[c] 252
Ph�C�C�H+ tBu-P4 (basic) 168.7[d] 113.6[d]


Ph�C�C�H (calcd)[e] 81.9[f] 87.6[f] 247
Ph�C�C� (calcd)[g] 179.6[f] 115.8[f]


[a] d(Ct)=chemical shift of the alkyne terminal carbon (Ph�C�C�H).
[b] d(Ci)=chemical shift of the alkyne internal carbon (Ph�C�C�H).
[c] Experimental chemical shift values from Figure 2a and b. [d] Experi-
mental chemical shift values from Figure 2c and d. [e] Chemical shifts
were calculated for a single phenylacetylene molecule (see Experimental
Section). [f] Chemical shifts were calculated by using the GIAO method
at the B3LYP/6-311++G ACHTUNGTRENNUNG(2d,p) level. [g] Chemical shifts were calculated
for the ion pair Ph�C�C�· ACHTUNGTRENNUNG(H·tBu-P4)+ (see Experimental Section). Nota-
bly, the calculated 1JC,H (Ph�C�C�H) value was also in good agreement
with experimental data. Further detailed considerations on the chemical
shifts of this anionic species are described in the Supporting Information.
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shift of the alkyne terminal resonance should be larger and
closer to the calculated chemical shift. Accordingly, the
chemical shifts observed under basic conditions are assigned
to the metal-free acetylide anion (the ethynyl carbanion).


Conclusion


We have observed the metal-free phenylacetylide anion in
solution, which is a first for carbanions with a formal charge
on the sp-hybridized carbon atom.


Experimental Section


NMR Measurements


Phenylacetylene, tBu-P4, and deuterated solvents were used as purchased
(phenylacetylene: ISOTEC #604399, tBu-P4 in hexane (1m): Fluka
#79421, [D8]THF: ISOTEC #184314, [D7]DMF (DMF=N,N-dimethyl-
ACHTUNGTRENNUNGformamide): ISOTEC #189979, [D]TFA: Aldrich #30889-7). The current
batch of phenylacetylene enriched in 13C at C2 (the alkyne terminal
carbon) (ISOTEC, Catalog #: 604399, Lot #: EQ0216-OOS, Sales #:
9060717) is a mixture of the alkyne labeled at the terminal carbon atom
(Ph�C�13C�H 85%) and the alkyne labeled at the internal carbon atom
(Ph�13C�C�H 15%).


The solutions for NMR measurements were prepared as follows. Hexane
was evaporated from a solution of tBu-P4 (150 mL, 150 mmol) in hexane
in an NMR tube with a rubber septum under vacuum. Then, dry argon
gas was introduced into the NMR tube. The resulting residue was dis-
solved in [D8]THF (200 mL). Then, phenylacetylene (15 mmol, 10% v/v in
[D7]DMF) was added to this solution at around �20 8C. Finally,
[D7]DMF (300 mL) was added to the resulting solution at around �20 8C,
and this basic solution was used for NMR measurements. Notably, even
in the DMF/THF mixed solvent, the pKBH value of tBu-P4 is thought to
be higher than the pKa value of phenylacetylene, owing to the linear rela-
tionships of pKa values in different solvents.[13]


For deuteration of phenylacetylide anion, [D]TFA (300 mmol) was added
to the above basic solution, and neutral phenylacetylene (Ph�C�C�D
and Ph�C�C�H) was recovered almost quantitatively. It was found that
deuterium was introduced at the alkyne terminal (Ph�C�C�D) in signifi-
cant yield (the triplet resonances labeled with filled circles in Figure 2e
and f). Chemical shifts of alkyne terminal carbon resonances were 80.6
(Ph�C�C�D) and 80.8 ppm (Ph�C�C�H). This chemical shift difference
between deuterated and protonated nuclei is known as an isotope shift
(Figure 1b), which means that the derived species were identical except
for the terminal hydrogen atoms (H or D). More importantly, the ob-
served chemical shifts of the alkyne carbons under acidic conditions (Fig-
ure 2e and f) were consistent with those of the original phenylacetylene
(Figure 2a and b); this is direct evidence that neutral phenylacetylene
was regenerated.


NMR spectroscopic measurements were performed on a JEOL ECA600
spectrometer (600 MHz for 1H, 151 MHz for 13C). Typical 1D 13C NMR
spectra without 1H decoupling were recorded with a spectral width of
47169.811 Hz digitized into 65536 complex points. For the neutral solu-
tion, 128 scans were averaged. This spectrum was processed with an ex-
ponential window function to give a line-broadening of 3 Hz. For the
basic solution, 1024 scans were averaged. This spectrum was processed
with an exponential window function to give a line-broadening of 10 Hz.
Measurements under basic and neutral conditions were performed at
�30 8C.


We gave each sample sufficient time for the solution to equilibrate
before NMR spectral acquisition. Chemical shift referencing was per-
formed by using the 13C resonances of [D8]THF as internal references.
We also performed indirect chemical shift referencing with the chemical


shift referencing ratio (g ACHTUNGTRENNUNG(13C)/g(1H))[14] and confirmed that both correct-
ed chemical shift values were consistent with each other.


DFT Calculations


DFT calculations were carried out with Gaussian 03 on an Origin 3400
processor (Silicon Graphics Inc.).[15] Structural optimizations, vibrational
analyses, and NMR shielding calculations were performed at the B3LYP/
6–311++G ACHTUNGTRENNUNG(2d,p) level. Shielding values were calculated with the GIAO
method.[16] The shielding values obtained were transformed into chemical
shifts (dtarget) by using [Eq. (1)],[17] with the calculated shielding values of
the target nuclei (starget) and tetramethylsilane (sref).


dtarget ¼ ðsref�stargetÞ=ð1�srefÞ � sref�starget ð1Þ


For the sake of clarity, chemical shifts of the acetylide anion (Ph�C�C�)
were calculated for the anion alone and for its complexes with THF,
DMF, and phosphazenium cation, (H·tBu-P4)+. Among the above calcu-
lated models, the ion pair Ph�C�C� (H·tBu-P4)+ showed quite similar
chemical shift values to the experimental (Table 1). Calculated chemical
shift values are as follows (d(Ct), d(Ci)): Ph�C�C� alone: 214.8,
118.9 ppm; Ph�C�C�·THF: 204.0, 117.4 ppm; Ph�C�C�· ACHTUNGTRENNUNG(H·tBu-P4)+ :
179.6, 115.8 ppm. For Ph�C�C�·DMF, chemical shifts were not calculat-
ed, as there was no converged structure or reasonable structure without
imaginary frequencies for the calculated structures tested (B3LYP/6–
31G(d) level).


Next, chemical shifts of neutral phenylacetylene (Ph�C�C�H) were cal-
culated for phenylacetylene alone and for its complexes with THF and
DMF. According to our calculations, all the complexes showed imaginary
frequencies, which means that they are not stable. In contrast, the model
of phenylacetylene alone did not show an imaginary frequency. There-
fore, chemical shift values for phenylacetylene alone are listed in Table 1.
Calculated chemical shift values are as follows (d(Ct), d(Ci)): Ph�C�C�
H alone: 81.9, 87.6 ppm. We also calculated the J coupling constant
(1JC,H: Ph�C�C�H) between the alkyne carbon and the alkyne hydrogen
nuclei of neutral phenylacetylene. Interestingly, the calculated 1JC,H value
was in good agreement with the experimental. This indicates that the
DFT calculations were performed correctly.


DFT calculations at the 6–311++GACHTUNGTRENNUNG(2d,p) level were performed not only
for small molecules but also for a very large molecular system of Ph�C�
C�· ACHTUNGTRENNUNG(H·tBu-P4)+ (Mr=735.47). We emphasize that this level of DFT cal-
culations of NMR chemical shifts (GIAO method) was the highest level
for the Ph�C�C�· ACHTUNGTRENNUNG(H·tBu-P4)+ within the limits of both the software and
hardware. Reviews on the theoretical chemistry of metal carbanions[3]


and phosphazene bases[18] are present in the literature.
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An Environmentally Benign Process for the Hydrogenation of Ketones with
Homogeneous Iron Catalysts
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Introduction


Catalysis is a key technology for the advancement of green
chemistry, specifically for waste prevention, decreasing
energy consumption, achieving high atom efficiency and
generating advantageous economics.[1] There is an increasing
interest in substituting toxic and expensive late transition
metals by readily available and less-toxic metals. In this
regard, the use of iron catalysts is especially desirable.[2] So
far, homogeneous iron catalysts have been successfully ap-
plied for various C�C coupling reactions such as Friedel–
Crafts-type reactions, olefin polymerizations, cross-cou-
plings, cycloadditions, and substitution reactions.[3] However,
much less is known in the area of industrially important cat-
alytic reductions. Here, comparatively few Fe-catalyzed hy-
drogenations have been established, mainly for the reduc-
tion of olefins[4] and nitro compounds.[5] Clearly, the quest
for practical hydrogenation catalysts based on Fe complexes
constitutes a major challenge for the development of more
sustainable reductions.


Recently, we became interested in applying homogeneous
Fe catalysts with respect to C�H functionalization reactions


of arenes.[6] Based on that work and our ongoing research in
hydrogenation chemistry,[7] we started to explore Fe cata-
lysts for transfer hydrogenations[8] of carbonyl compounds.
To the best of our knowledge, only iron carbonyls[9,10] or
complexes that contain tetradentate aminophosphines[11] or
phosphines[12] have been described for the transfer hydroge-
nations of ketones and a,b-unsaturated carbonyl com-
pounds. In the latter case, mainly hydrogenation of the
olefin occurred.[9,12]


Our goal is to develop a practical Fe hydrogenation cata-
lyst system, which should be easy to prepare and tunable.
Thus, the use of commercially available Fe complexes in
combination with two different ligands (phosphines and
amines) instead of tetradentate ligands seems to be a useful
approach. Based on this idea, we report herein the applica-
tion of new three-component iron catalysts prepared in situ
based on iron salts, 2,2’:6’,2’’-terpyridine (terpy), and PPh3.
These catalysts give excellent yield and selectivity in the re-
duction of aromatic and aliphatic ketones to alcohols.


Results and Discussion


As a starting point, 2-propanol-based transfer hydrogenation
of acetophenone (1) was examined with Fe catalysts in the
presence of combinations of nitrogen and phosphorus li-
gands. In exploratory experiments, terpy and PPh3 were
used as ligands. Typically, the precatalyst was prepared
in situ by stirring a solution of [Fe3(CO)12] (0.3 mol%),
terpy (1 mol%), and PPh3 (1 mol%) in 2-propanol (1.0 mL)
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for 16 h at 65 8C. Initially, we investigated the influence of
terpy and PPh3 in the presence of [Fe3(CO)12], which can be
easily handled without special precautions (Table 1). To our


delight, a 1:1 mixture of terpy and PPh3 gave an active cata-
lyst for the test reaction that was superior to all other com-
binations (Table 1, entry 2). Notably, low catalytic activity
was observed without the use of any ligands (Table 1,
entry 1). Increasing the ligand concentration resulted in a
significant decrease in activity (Table 1, entries 7 and 8). Im-
portantly, the catalyst systems differ mainly with respect to
reactivity, as the chemoselectivity was excellent in all cases.


Next, the influence of base and the iron precatalyst was
investigated in more detail (Table 2). The best results were
obtained with [Fe2(CO)9] and [Fe3(CO)12] in the presence of
catalytic amounts of sodium 2-propylate or sodium tert-bu-
ACHTUNGTRENNUNGtylate (Table 2, entries 1, 6, 16). Surprisingly, the most com-
monly used bases for transfer hydrogenation, such as
NaOH, KOH, and tBuOK, showed only low activity in this
model reaction (Table 2, entries 3–5). Furthermore, different
inorganic bases such as K2CO3, Cs2CO3, and K3PO4


(Table 2, entries 7–9) as well as nitrogen-containing organic
bases, for instance, pyridine, NEt3, N ACHTUNGTRENNUNG(iPr)2Et, DBU, and
DABCO (Table 2, entries 10–14), did not prove to be effec-
tive. As expected, no transfer of hydrogen was observed in
the absence of base (Table 2, entry 15).


To improve the catalytic system, various iron sources with
different oxidation states (0, +2, and +3) were tested. Be-
sides [Fe2(CO)9] and [Fe3(CO)12], FeCl2 (Table 2, entry 20)
also produced reasonable conversion. To facilitate the for-
mation of active iron hydride complexes, we tested [Et3NH]-
ACHTUNGTRENNUNG[HFe(CO)4]


[13] as precatalyst, but only limited conversion
was detected (Table 2, entry 19).


Following these results, we focused on the nature of the li-
gands. The results in Table 3 indicate no improvement of


conversion when PPh3 was substituted by other phosphorus
ligands. Variation in the substitution pattern of PPh3 with
electron-donating (Table 3, entry 2) or electron-withdrawing
groups (Table 3, entries 3–5) as well as more-basic and steri-
cally hindered phosphines (Table 3, entries 6–9) decreased
the yield of 1-phenylethanol (2). We also applied diphos-
phine ligands in the model reaction. Good activity was ob-
tained with 1,1-bis-(diphenylphosphanyl)methane (dppm)
and 1,2-bis(diphenylphosphanyl)ethane (dppe) (Table 3, en-
tries 12–13). Next, we explored the nature of the nitrogen-
containing ligand. To our surprise, substituted terpyridines
such as 4’-chloro-2,2’:6’,2’’-terpyridine (3), 6,6’-dibromo-
2,2’:6,6’-terpyridine (4), and 4,4’,4’’-tri-tert-butyl-2,2’:6,2’’-ter-
pyridine (5) led to a significant decrease in alcohol forma-
tion (Table 4, entries 1–4). Similarly, the application of struc-
turally related N,N’,N’’-ligands 6 and 7 showed no pro-
nounced activity (Table 4, entries 5 and 6). However, in the
presence of pyridine (3 mol%) and tri ACHTUNGTRENNUNGphenylphosphine, a
reasonable yield of 2 (54%) was obtained. Clearly, Fe/pyri-
dine/PPh3 represents one of the least demanding homoge-
nous transfer-hydrogenation catalysts around. Furthermore,


Table 1. Transfer hydrogenation of acetophenone (1) with
ACHTUNGTRENNUNG[Fe3(CO)12]/terpy/PPh3 catalyst.[a]


Entry Terpy[b] PPh3
[b] Yield [%][c] Selectivity [%][d]


1 – – 23 >99
2 1 1 78 >99
3 1 – 18 >99
4 – 1 6 >99
5 – 2 21 >99
6 – 10 29 >99
7 5 1 27 >99
8 1 5 24 >99


[a] Reaction conditions: in situ catalyst (0.0038 mmol) ([Fe3(CO)12]
(0.0013 mmol), terpy (0.0038 mmol), PPh3 (0.0038 mmol), 2-propanol
(2.0 mL) for 16 h at 65 8C), iPrONa (0.019 mmol), 5 min at 100 8C, then
addition of 1 (0.38 mmol), 7 h at 100 8C. [b] Ligand to Fe ratio. [c] Yield
was determined by GC (50 m Lipodex E, 95–200 8C) with diglyme as in-
ternal standard (yield is equivalent to conversion). [d] Selectivity refers
to chemoselectivity.


Table 2. Influence of different bases and iron sources in the Fe-catalyzed
transfer hydrogenation of 1.[a]


Entry Iron source Base Yield [%][b]


1 ACHTUNGTRENNUNG[Fe3(CO)12] iPrONa 78
2 ACHTUNGTRENNUNG[Fe3(CO)12] LiOH 2
3 ACHTUNGTRENNUNG[Fe3(CO)12] NaOH <1
4 ACHTUNGTRENNUNG[Fe3(CO)12] KOH <1
5 ACHTUNGTRENNUNG[Fe3(CO)12] tBuOK 12
6 ACHTUNGTRENNUNG[Fe3(CO)12] tBuONa 76
7 ACHTUNGTRENNUNG[Fe3(CO)12] K2CO3 3
8 ACHTUNGTRENNUNG[Fe3(CO)12] Cs2CO3 3
9 ACHTUNGTRENNUNG[Fe3(CO)12] K3PO4 <1


10 ACHTUNGTRENNUNG[Fe3(CO)12] pyridine 1
11 ACHTUNGTRENNUNG[Fe3(CO)12] NEt3 2
12 ACHTUNGTRENNUNG[Fe3(CO)12] N ACHTUNGTRENNUNG(iPr)2Et <1
13 ACHTUNGTRENNUNG[Fe3(CO)12] DBU <1
14 ACHTUNGTRENNUNG[Fe3(CO)12] DABCO <1
15 ACHTUNGTRENNUNG[Fe3(CO)12] – 0
16 ACHTUNGTRENNUNG[Fe2(CO)9] iPrONa 84
17 [Fe(CO)5] iPrONa 2
18 ACHTUNGTRENNUNG[CpFe(CO)2I] iPrONa 3
19 ACHTUNGTRENNUNG[Et3NH] ACHTUNGTRENNUNG[HFe(CO)4] iPrONa 11
20 FeCl2 iPrONa 45
21 FeCl3·xH2O iPrONa <1
22 FeBr2 iPrONa 9
23 FeSO4·7H2O iPrONa 9
24 Fe ACHTUNGTRENNUNG(acac)2 iPrONa 17
25 Fe ACHTUNGTRENNUNG(acac)3 iPrONa 3


[a] Reaction conditions: in situ catalyst (0.0038 mmol) ([Fe3(CO)12]
(0.0013 mmol), terpy (0.0038 mmol), PPh3 (0.0038 mmol), 2-propanol
(2.0 mL) for 16 h at 65 8C), base (0.019 mmol), 5 min at 100 8C, then addi-
tion of 1 (0.38 mmol), 7 h at 100 8C. [b] Yield was determined by GC
(50 m Lipodex E, 95–200 8C) with diglyme as internal standard (yield is
equivalent to conversion). acac=Acetylacetonate, Cp=cyclopentadienyl,
DABCO=1,4-diazabicyclo ACHTUNGTRENNUNG[2.2.2]octane, DBU=1,8-diazabicyclo ACHTUNGTRENNUNG[5.4.0]-
undec-7-ene.
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the combination of (�)-sparteine and triphenylphosphine
provided an active catalyst system (Table 4, entries 11–12).


Next, the optimized general protocol for transfer hydroge-
nations was applied to aromatic and aliphatic ketones. Here,
both [Fe3(CO)12]/terpy/PPh3 and FeCl2/terpy/PPh3 were
tested for the reduction of 10 different ketones (Table 5).
Acetophenone, 4-chloroacetophenone, 2-methoxyaceto-
ACHTUNGTRENNUNGphenone, and propiophenone were hydrogenated in excel-
lent yield and selectivity (92–99%) (Table 5, entries 1, 2, 5,
6). Acetophenones with electron-donating substituents in
the para position gave good but somewhat lower yields (75–
83%). A chloro substituent in the a position to the carbonyl
group proved to be problematic and deactivated both cata-
lysts (Table 5, entry 7). Aliphatic ketones are more challeng-
ing substrates than aromatic ketones, but they also react in
excellent yield (95–99%).


Notably, similar activities for the reduction of ketones
with regard to our [Fe3(CO)12]-based system were reported
when other transition-metal carbonyl complexes, for in-
stance, [Ru3(CO)12]-based catalysts, were applied.[14] The
[Fe3(CO)12]- and FeCl2-based catalysts showed no significant
difference in productivity. Hence, we assume the formation
of a similar active species. Indeed, the two catalyst systems
produced similar conversion curves (Figure 1). At the start
of the reaction, we observe in both cases an induction


period of nearly one hour, whereby the FeCl2 system
showed a slightly lower reaction rate, probably due to the
slower elimination of chlorides and the change of oxidation
state. The induction period can be shortened by increasing
the catalyst preformation time. Thus, when the precatalyst
([Fe3(CO)12]/terpy/PPh3) was treated with a base for one
hour instead of 5 min at the reaction temperature, an in-
crease in conversion into 1-phenyl ACHTUNGTRENNUNGethanol from 18% to
32% in the first hour was recorded.


Next, we focused our attention on the reaction mecha-
nism. To exclude the formation of heterogeneous Fe cata-
lysts,[15] a large excess of Hg(0) was added to the well-stirred
reaction mixture after the reaction had proceeded for one
hour, so that the “real” catalyst should be formed.[16,17] No
significant suppression of the reaction rate in the reduction
of 1 was observed (73% yield after 7 h), whereas a positive
poisoning of the catalyst should have led to approximately
18% of 2 (see also Figure 1). In another experiment, the re-
action was carried out under standard conditions and fil-
tered through celite after one hour.[18] The filtrate was al-
lowed to react for a further six hours. Thereafter, the ap-
plied celite was stirred with fresh 2-propanol, sodium 2-pro-
pylate, and 1 under reaction conditions for another six
hours. The results obtained showed no suppression of reac-
tion rate for the filtrate (92%), whereas no conversion was
detected (<1%) with the celite system. Consequently, both
experiments indicate a definite homogeneous catalyst.


Various methods (1H, 31P, and 13C NMR and IR spectros-
copy and MS) were used for the characterization of the
active catalyst species. Unfortunately, the structural compo-
sition of the catalyst is still unclear. No evidence for an Fe�
H species was detected by 1H NMR spectroscopy after reac-
tion of the precatalyst with base (5 equiv).[19] The 31P NMR
spectrum of the precatalyst in [D4]MeOH or [D8]iPrOH
showed three singlets with a ratio of 20:1:10 at �5.3 ppm


Table 3. Influence of phosphorus ligands in the Fe-catalyzed transfer
ACHTUNGTRENNUNGhydrogenation of 1.[a]


Entry Phosphine Conversion [%][b]


1 PPh3 78
2 P(p-MeO-C6H4)3 13
3 P(p-Me-C6H4)3 22
4 P ACHTUNGTRENNUNG(p-F-C6H4)3 23
5 P(3,4-CF3-C6H3)3 5
6 PCy3 11
7 P ACHTUNGTRENNUNG(tBu)3 32


8 34


9 31


10 P ACHTUNGTRENNUNG(OPh)3 8
11 P ACHTUNGTRENNUNG(OiPr)3 7
12 Ph2PCH2PPh2 64
13 Ph2P ACHTUNGTRENNUNG(CH2)2PPh2 50
14 Ph2P ACHTUNGTRENNUNG(CH2)4PPh2 3
15 Ph2P ACHTUNGTRENNUNG(CH2)6PPh2 3


[a] Reaction conditions: in situ catalyst (0.0038 mmol) ([Fe3(CO)12]
(0.0013 mmol), terpy (0.0038 mmol), phosphorus ligand (0.0038 mmol), 2-
propanol (2.0 mL) for 16 h at 65 8C), iPrONa (0.019 mmol), 5 min at
100 8C, then addition of 1 (0.38 mmol), 7 h at 100 8C. [b] Yield was deter-
mined by GC (50 m Lipodex E, 95–200 8C) with diglyme as internal stan-
dard (yield is equivalent to conversion). Cy=cyclohexyl.


Figure 1. Conversion–time behavior of the different precatalysts contain-
ing [Fe3(CO)12] and FeCl2. Reaction conditions: in situ catalyst
(0.0038 mmol) ([Fe3(CO)12] (0.0013 mmol) or FeCl2 (0.0038 mmol), terpy
(0.0038 mmol), and PPh3 (0.0038 mmol) in 2-propanol (2.0 mL), 16 h at
65 8C), iPrONa (0.38 mmol), 5 min at 100 8C, then addition of 1
(0.76 mmol), reaction at 100 8C. Conversion was determined by GC (50 m
Lipodex E, 95-200 8C) with diglyme as internal standard (conversion is
equivalent to yield). ^= [Fe3(CO)12]/terpy/PPh3, &=FeCl2/terpy/PPh3.
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(free PPh3) and two unknown signals at 32.9 and
71.3 ppm.[20] The addition of 5 equivalents of base (sodium
2-propylate) with respect to iron and stirring of the mixture
for 5 min at 100 8C did not affect the chemical shift and
ratio of the observed 31P NMR signals.[19] Mass spectrometric
investigations also gave no clear information about the com-
position of the precatalyst, because indications for a number
of possible candidates or fragments of labile complexes
were detected, such as compounds containing terpy, PPh3,
CO, and Fe in a ratio of 1:1:1(2):1 or terpy, CO, and Fe in a
ratio of 1:3:1. The utilization of [Fe3(CO)12] represents a po-
tential option for IR spectroscopy. Hence, we recorded the
IR spectra of our precatalyst in a solution of 2-propanol.
The activation of the precatalyst by sodium 2-propylate


(10 equiv) for 5 min at 100 8C resulted in the http://
www.dict.cc/?s=disappearance of absorption signals at 1889
and 1718 cm�1. Addition of 1 to the activated precatalyst led
to the http://www.dict.cc/?s=disappearance of the signal at
1654 cm�1 and emergence of a signal at 1679 cm�1. Interest-
ingly, a similar behavior was described by Gao and co-work-
ers when they followed the formation of the transfer-hydro-
genation catalyst composed of [Fe3(CO)12] and tetradentate
aminophosphines in 2-propanol in the presence of base.[11]


Although the nature of the active Fe�H species remains
unclear, we turned our attention to the mechanism of the
hydride transfer. To exclude a radical-type reduction, the re-
action of cyclopropyl phenyl ketone was examined in more
detail (“radical clock” substrate) (Table 5, entry 8). In the
presence of [Fe3(CO)12]/terpy/PPh3 catalyst, the correspond-
ing cyclopropyl phenyl alcohol 14 was detected by 1H NMR
spectroscopy in >99% purity. There was apparently no radi-
cal-induced reduction, because no opening of the cyclopro-
ACHTUNGTRENNUNGpyl ring occurred.[21] Consequently, a radical-reduction
mechanism promoted by sodium alkoxides, whereby the
transition metal plays a marginal role, can also be exclud-
ed.[22]


In general, for transition-metal-catalyzed transfer hydro-
genation, two mechanisms are accepted: direct hydrogen
transfer via formation of a six-membered cyclic transition
state composed of metal and hydrogen donor and acceptor,
and the hydridic route, which is subdivided into two path-
ways, the monohydride and the dihydride mechanism
(Scheme 1). More specifically, the formation of monohy-
dride metal complexes promote an exclusive hydride trans-
fer from carbon (donor) to carbonyl carbon (acceptor)
(Scheme 1, pathway A), whereas a hydride transfer from
carbon (donor) to carbonyl carbon (acceptor) as well as car-
bonyl oxygen (acceptor) was proposed for the formation of
dihydride metal complexes (Scheme 1, pathway B).[8a,c,e] Evi-
dence for both pathways (hydridic route) were determined
by various researchers when investigating the hydride trans-
fer catalyzed by metal complexes of, for example, Ru, Rh,
or Ir.[23] So far nothing is known with respect to iron cata-
lysts in transfer hydrogenations.


To rule out an exchange of hydrogen atoms, for example,
by C�H activation, we investigated the transfer hydrogena-
tion with a completely deuterated donor molecule.[24] The
[Fe3(CO)12]/terpy/PPh3 precatalytic system was dissolved in
[D8]iPrOH and treated with [D7]iPrONa for 5 min at 100 8C.
After addition of 1, the solution was stirred for 5 h at
100 8C. Only alcohol 17 was detected as product by 1H NMR
spectroscopy (Scheme 2; >99%).[25] This result indicates an
exclusive transfer of the deuterium into the carbonyl group.
Apparently no C�H activation processes and enol formation
occurred under the described conditions.[26]


To clarify the pathway of hydrogen transfer from the hy-
drogen donor to the substrate molecule, we used [D]iPrOH
(the hydroxy group was deuterated) as solvent/donor and
sodium 2-propylate as base in the transfer hydrogenation of
1 (Scheme 2). We obtained a mixture of two different deu-
terated 1-phenylethanols 18 and 19 in the ratio 85:15.[27]


Table 4. Variation of nitrogen ligands in the Fe-catalyzed transfer
ACHTUNGTRENNUNGhydrogenation of 1.[a]


Entry Ligand Ligand/metal Conversion [%][b]


1 terpy 1 78
2 3 1 23
3 4 1 28
4 5 1 14
5 6 1 13
6 7 1 7
7 2,2’-bipyridine 1 8
8 2,2’-bipyridine 2 6
9 tmeda[c] 1 18


10 tmeda[c] 2 13
11 (�)-sparteine 1 43[d]


12 (�)-sparteine 2 38[d]


13 pyridine 3 54
14 pyridine 6 5


[a] Reaction conditions: in situ catalyst (0.0038 mmol) ([Fe3(CO)12]
(0.0013 mmol), nitrogen ligand (0.0038 mmol), PPh3 (0.0038 mmol), 2-
propanol (2.0 mL) for 16 h at 65 8C), iPrONa (0.019 mmol), 5 min at
100 8C, then addition of 1 (0.38 mmol), 7 h at 100 8C. [b] Yield was deter-
mined by GC (50 m Lipodex E, 95–200 8C) with diglyme as internal stan-
dard (yield is equivalent to conversion). [c] tmeda=N,N,N’,N’-tetrameth-
ACHTUNGTRENNUNGylethylendiamine. [d] A racemic mixture of 2 was detected.
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This specific migration is in agreement with the described
monohydride mechanism, which implies that a major forma-
tion of the metal monohydride in the catalytic cycle occur-
red, albeit with a small amount of 19.[8c] This H/D scram-
bling is explained by the reversibility of the hydrogen-trans-
fer process due to the hydrogen-donating ability of
1-phenylethanol (low oxidation potential).[8c]


Conclusions


We have developed the first general homogeneous Fe cata-
lyst system for the transfer hydrogenation of aliphatic and
aromatic ketones. In the presence of 1 mol% of [Fe3(CO)12]/
terpy/PPh3 or FeCl2/terpy/PPh3, the corresponding alcohols
are obtained in good to excellent yield and chemoselectivity.
The active catalyst systems are easily generated in the pres-
ence of cheap available nitrogen and phosphorus ligands.
Mechanistic experiments indicate a transfer of hydrogen
from the donor molecule to the substrate by a monohydride
mechanism. Further work in the direction of stereoselective
Fe-based hydrogenation catalysts is under way in our labo-
ratories.


Experimental Section


General


All manipulations were performed under argon atmosphere with stan-
dard Schlenk techniques. Unless otherwise specified, all chemicals are
commercially available and used as received. 2-Propanol, pyridine, and
triethylamine were used without further purification (purchased from
Fluka, dried over molecular sieves). Sodium 2-propylate and sodium tert-
butylate were prepared by treating sodium with 2-propanol or tert-buta-
nol under argon atmosphere (stock solution). Ketones 1, 8, 9, 11, 12, 14,


Scheme 1. Monohydride (pathway A) and dihydride (pathway B) mecha-
nisms of transition-metal-catalyzed transfer hydrogenation of acetophe-
none.


Scheme 2. Deuterium incorporation into acetophenone (1) catalyzed by
[Fe3(CO)12]/terpy/PPh3 in the presence of base.


Table 5. ACHTUNGTRENNUNG[Fe3(CO)12]/terpy/PPh3- and FeCl2/terpy/PPh3-catalyzed
ACHTUNGTRENNUNGhydrogenation of ketones.[a]


Entry Alcohol Yield [%][b]


ACHTUNGTRENNUNG[Fe3(CO)12]
Yield [%][b]


FeCl2


1 95 91


2 >99 97


3 84 83


4 63 75


5 >99 >99


6 81 92


7 5 8


8 48 57


9 95 93


10 >99 >99


[a] Reaction conditions: in situ catalyst (0.0038 mmol) ([Fe3(CO)12]
(0.0013 mmol) or FeCl2 (0.0038 mmol), terpy (0.0038 mmol), PPh3


(0.0038 mmol) in 2-propanol (2.0 mL), 16 h at 65 8C), iPrONa
(0.38 mmol), 5 min at 100 8C, then addition of ketone (0.76 mmol), reac-
tion for 7 h at 100 8C. [b] Yield was determined by GC (2 : 50 m Lipodex
E, 95–200 8C, 8 : 25 m Lipodex E, 100 8C, 9 : 50 m Lipodex E, 90–105 8C,
10 : 25 m Lipodex E, 80–180 8C, 11, 14, 15, and 16 : 30 m, HP Agilent
Technologies, 50–300 8C, 12 : 25 m Lipodex E, 90–180 8C, 13 : 50 m Lipo-
dex E, 90–180 8C) with diglyme as internal standard (yield is equivalent
to conversion).


602 www.chemasianj.org F 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2006, 1, 598 – 604


FULL PAPERS
M. Beller et al.







15, and 16 were dried over CaH2, distilled under vacuum, and stored
under argon. Ketones 10 and 13 were treated with vacuum/argon cycles
and stored under argon. Tmeda was distilled under Argon. [Et3NH]-
ACHTUNGTRENNUNG[HFeCO4],


[13] BuP(adamantyl)2,
[28] and N-phenyl-2-(di-tert-butylphos-


ACHTUNGTRENNUNGphanyl)pyrrole[29] were synthesized according to literature protocols.
[D8]- and [D]iPrOH were dried over CaH2 and distilled under argon at-
mosphere.


General Procedure for Transfer Hydrogenation of Ketones


In a Schlenk tube (10 mL), the catalyst (0.0038 mmol) was generated
in situ by stirring a solution of [Fe3(CO)12] (0.0013 mmol), terpy
(0.0038 mmol), and PPh3 (0.0038 mmol) in 2-propanol (1.0 mL) for 16 h
at 65 8C. The precatalytic system was treated with sodium 2-propylate
(0.38 mmol) at 100 8C for 5 min. After addition of the corresponding
ketone (0.38 or 0.76 mmol), the reaction mixture was stirred for 7 h at
100 8C. The solution was cooled to room temperature and filtered over a
plug of silica. The conversion was measured by GC without further pu-
rification.


Procedures for Distinguishing Homogeneous and Heterogeneous Catalysts


Mercury poisoning: In a Schlenk tube (10 mL), a solution of [Fe3(CO)12]
(0.0013 mmol), terpy (0.0038 mmol), and PPh3 (0.0038 mmol) in 2-propa-
nol (1.0 mL) was stirred for 16 h at 65 8C. The precatalyst was treated at
100 8C with sodium 2-propylate (0.38 mmol) in 2-propanol (0.5 mL) for
5 min, followed by 1 (0.76 mmol) in 2-propanol (0.5 mL). The reaction
mixture was kept for 1 h at 100 8C. After that, a drop of mercury, which
was degassed and stored under argon, was added, and the reaction was
continued for 7 h. The reaction mixture was cooled to room temperature
and filtered over a plug of silica gel. The conversion was determined by
GC without further purification.


Maitlis test: In a Schlenk tube (10 mL), a solution of [Fe3(CO)12]
(0.0013 mmol), terpy (0.0038 mmol), and PPh3 (0.0038 mmol) in 2-propa-
nol (1.0 mL) was stirred for 16 h at 65 8C. The precatalyst was treated at
100 8C with sodium 2-propylate (0.38 mmol) in 2-propanol (0.5 mL) for
5 min, followed by 1 (0.76 mmol) in 2-propanol (0.5 mL). The reaction
mixture was kept for 1 h at 100 8C. After that, the solution was filtered
under an atmosphere of argon through a filter supported by a plug of
celite (heated in vacuum and stored under argon). The filtrate was
heated again to 100 8C and the reaction allowed to proceed for another
6 h. The celite phase was transferred into a Schlenk tube (10 mL) and
mixed with 2-propanol (1.0 mL), sodium 2-propylate (0.38 mmol) in 2-
propanol (0.5 mL), and 1 (0.76 mmol) in 2-propanol (0.5 mL). After the
reaction was complete, both mixtures were cooled to room temperature
and filtered over a plug of silica gel. The conversion was determined by
GC without further purification.


Transfer Hydrogenation with [D8]iPrOH as Hydride Source


In a Schlenk tube (10 mL), [Fe3(CO)12] (0.0013 mmol), terpy
(0.0038 mmol), and PPh3 (0.0038 mmol) in [D8]iPrOH (1.0 mL) were stir-
red for 16 h at 65 8C. After mixing the precatalytic solution with
[D7]iPrONa (0.38 mmol, prepared by reacting sodium (0.38 mmol) with
[D8]iPrOH (0.5 mL)) at 100 8C for 5 min, a solution of 1 (0.76 mmol) in
[D8]iPrOH (0.5 mL) was added. The reaction mixture was kept for 5 h at
100 8C, then cooled to room temperature and filtered over a plug of
silica. The conversion was determined by 1H NMR spectroscopy.


Transfer Hydrogenation with [D]iPrOH as Hydride Source


In a Schlenk tube (10 mL), [Fe3(CO)12] (0.0013 mmol), terpy
(0.0038 mmol), and PPh3 (0.0038 mmol) in [D]iPrOH (1.0 mL) were stir-
red for 16 h at 65 8C. After mixing the precatalytic solution with sodium
2-propylate (0.38 mmol, prepared by treating sodium (0.38 mmol) with
[D]iPrOH (0.5 mL)) at 100 8C for 5 min, a solution of 1 (0.76 mmol) in
[D]iPrOH (0.5 mL) was added. The reaction mixture was kept for 5 h at
100 8C. (To avoid side effects, for instance, scrambling, the reaction was
stopped before full conversion.) The solution was cooled to room temper-
ature and filtered over a plug of silica. The solvent was removed under
vacuum, and the residue was dissolved in CDCl3. The conversion was de-


termined by 1H NMR spectroscopy. The ratio of 18 to 19 was based on
the integrals of the 1H NMR signals of the CH3 groups.
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Microwave-Assisted Synthesis of a Superparamagnetic Surface-
Functionalized Porous Fe3O4/C Nanocomposite


Xianluo Hu and Jimmy C. Yu*[a]


Introduction


Recent advances in the field of novel functional materials
are paving the way for exciting applications in modern sci-
ence and technology.[1] In particular, the general class of in-
organic nanocomposite materials is a fast-growing area of
chemical research.[2] Considerable effort has been made to
design, construct, and manipulate nanostructure composites
through innovative synthetic approaches. Nanocomposite
materials not only inherit the properties of their individual
parents, but also provide the possibility for enhanced func-
tionality and multifunctional properties, in contrast with
their more-limited single-component counterparts.[2] For in-
stance, Co/CdSe nanocomposites were shown to retain bi-
functional magnetic–optical properties, thus permitting po-
tential applications such as optical “reporters” coupled with
magnetic “handles” for use in bioassays.[3] Composite Fe2O3/
MgO and Fe2O3/CaO nanoparticles have greatly enhanced
efficiencies over pure MgO and CaO catalysts for SO2 ad-
sorption, H2S removal, and chlorocarbon destruction.[4] Re-
cently, our group produced a series of TiO2-based nanocom-
posite photocatalysts (e.g., CdS/TiO2, Pt/TiO2, and S/TiO2)


that show enhanced catalytic/photocatalytic activities.[5–7]


Advances in physical methods have led to an understanding
of structure–performance relationships at the molecular
level that are strongly related to size, composition, and
structural order.[8,9] This knowledge, together with effective
strategies for nanostructure construction, has inspired the
design and development of new composites for advanced
applications.
Hydrothermal/solvothermal synthesis is a well-established


approach for producing many inorganic materials with de-
sired micro- or nanostructures.[10] Under closed high-pres-
sure conditions, water or solvents typically exhibit unusual
properties, including sufficient density to dissolve materials
and high diffusivity to facilitate mass transport.[11] Hydro-
thermal/solvothermal processing allows many inorganic ma-
terials to be synthesized at temperatures substantially lower
than those required by conventional solid-state or vapor re-
actions.[10] In comparison to coprecipitation and sol-gel
methods that also allow for relatively low reaction tempera-
tures, hydrothermal/solvothermal processes always give rise
to crystalline products without any further postannealing
treatment (e.g., calcination after sol-gel processes).[5] How-
ever, conventional heating methods in hydrothermal/solvo-
thermal processes often rely on thermal conduction of
black-body radiation to drive chemical reactions. They inevi-
tably suffer from several disadvantages, especially at low
temperatures, including sharp thermal gradients throughout
the bulk solution, slow reaction kinetics, and nonuniform re-
action conditions.[12] New approaches have been sought par-
ticularly for the controlled growth of nanomaterials, for


Abstract: An Fe3O4/C nanocomposite
was synthesized in a microwave-assist-
ed hydrothermal reaction. This green
wet-chemical approach is simple, low-
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tion. The resulting composite material
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which uniform nucleation and growth rates are critical to
material quality. Microwave dielectric heating can address
the problems of heating inhomogeneity and slow reaction
kinetics, while providing a platform for large-scale industrial
applications.[12] The application of this technique is a fast-
growing research area of immense potential.[12,13] Microwave
heating opens up the possibility of reactions that proceed in
a very short time with higher selectivity and energy efficien-
cy compared to conventional heating.[14,15] Very recently, we
developed the microwave-enhanced hydrothermal approach
for producing carbon-based interconnected cablelike Ag/C
and spherical Se/C nanocomposites by taking advantage of
microwave heating and hydrothermal effects at a relatively
low and controllable temperature.[16] Herein, we report on
an extension of this efficient wet-chemical approach to the
synthesis of a new functionalized Fe3O4/C nanocomposite.
Iron oxide (Fe2O3 and Fe3O4) nanocrystals have been of


much scientific and technological interest over the past dec-
ades.[17,18] Their magnetic behavior is exploited for magnetic
recording and diverse biomedical applications, including
assays,[19] imaging,[20] and drug delivery.[21] So far, a number
of synthetic techniques such as coprecipitation, microemul-
sion, ultrasound irradiation, laser pyrolysis, and thermal de-
composition have been developed for producing superpara-
magnetic nanoparticles.[22] These pure-phase magnetic parti-
cles, however, have severe limitations. For example, they
tend to aggregate because of strong magnetic attractions be-
tween particles with large specific surface areas, and they
are prone to biodegradation by microbial attack during their
exposure to biological systems.[23] Therefore, chemical modi-
fications must be made to enhance the applicability of nano-
scale iron oxide materials. Fe3O4 nanoparticles modified by
polymers, semiconductors, and metals have been reported.[24]


Nanocrystals of iron oxides have also been incorporated
into various porous matrices, including silica xerogels/aero-
gels,[25] nanochannel alumina,[26] mesoporous silicates,[27] alu-
minosilicates,[28] and carbon materials.[29] Despite these ad-
vances, however, challenges still remain in achieving the
ideal functionalities of Fe3O4-based nanocomposites through
a simple but efficient approach. Herein, a nanostructured
Fe3O4/C composite was synthesized on a large scale through
a mild microwave-enhanced hydrothermal route by using
starch as a carbonaceous source and water as an environ-
mentally friendly solvent. From the view of green chemistry,
this method is favorable as neither hazardous organic sol-
vents nor expensive substances are used, and is therefore
ideal for large-scale industrial production. Also, the result-
ing Fe3O4/C nanocomposite contains functionalized hydro-


philic and biocompatible surfaces and porous structures, and
exhibits superparamagnetic behavior. To the best of our
knowledge, this is the first report on a rapid microwave-en-
hanced hydrothermal synthesis of the functionalized Fe3O4/
C nanocomposite. Our approach offers several important
advantages for the technical application of nanocomposites.
First, carbon exhibits high-temperature and high-pressure
stability and resists attacks from acids, bases, and sol-
vents.[30,31] Our carbon-modified Fe3O4 porous composite is
therefore much more stable than pure Fe3O4 at the ambient
pH values and temperatures found in biological systems.
Second, the Fe3O4/C composite has great potential in bio-
chemical and medical applications because it can be further
conjugated to substances such as antibodies and enzymes.
Such potential has been demonstrated recently for a silica-
coated Fe3O4 system.[23] Third, the nanocomposite is super-
paramagnetic, which means that it can be manipulated by
an external magnetic field. We believe that this biocompat-
ible, superparamagnetic Fe3O4/C nanocomposite material
may find potential uses in catalysis, separation, adsorption,
and bionanotechnology.


Results and Discussion


Preliminary attempts to determine the crystalline phase,
crystallinity, and particle size of the Fe3O4/C nanocomposite
were performed by XRD. Figure 1 shows a typical XRD


pattern of the product obtained after microwave heating at
200 8C for 30 min. All the reflections can be readily indexed
to the spinel phase of Fe3O4 (space group: Fd3m (No. 227)).
The calculated lattice constant of a=8.40 K is in good
agreement with the value from the literature (a=8.394 K;
JCPDS no. 75-1610). The broadening of the XRD peaks re-
flects the nanocrystalline nature of the material. On the
basis of a Scherrer analysis of diffraction peak widths for
311 peak common to magnetite, the calculated particle size
is around 6.5 nm. Energy-dispersive X-ray (EDX) spectrom-
etry was also used to determine the local chemical composi-
tion of the resulting samples. A typical EDX spectrum is
shown in Figure 2. Three major peaks correspond to the ele-


Abstract in Chinese:


Figure 1. Typical XRD pattern of the Fe3O4/C nanocomposite.
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ments C, O, and Fe. The above XRD and EDX results con-
firm that the composite comprises nanocrystalline Fe3O4 and
amorphous C.
Transmission electron microscopy (TEM) was used to ex-


amine further the crystallinity, particle size, and morphology
of the products. Figure 3a shows a typical bright-field TEM
image for the product whose XRD pattern is shown in
Figure 1. The dark/light contrast is clearly observed. The
light patches suggest the existence of numerous nanosized
pores with diameters less than 10 nm. These irregular pore
structures are connected randomly and lack discernible
long-range order in the pore arrangement among the small
nanocrystalline Fe3O4 particles. The amorphous carbon


cannot be clearly identified in this low-magnification TEM
image. The dark patches show that the product comprises an
analogous aerogel framework of Fe3O4 nanocrystals several
nanometers in size. Given the size distribution of Fe3O4, the
average diameter of the magnetite nanocrystals from the
TEM observations agrees well with that obtained from ap-
plying the Scherrer formula to the XRD measurements. The
corresponding selected-area electron diffraction (SAED)
pattern (Figure 3a, inset) reveals diffraction rings of the typ-
ical spinel structure of Fe3O4, which is also consistent with
the XRD result. The high-resolution TEM (HRTEM) image
(Figure 3b) shows that the Fe3O4 nanoparticles are structur-
ally uniform and crystalline. The interplanar spacing of
about 0.48 nm, as indicated clearly by the atomic lattice
fringes, corresponds to the (111) lattice planes of cubic
Fe3O4. Figure 3c shows an HRTEM image of the interface
between Fe3O4 and carbon. The carbonaceous material
serves as a “linker” to bind the iron oxide nanocrystals to-
gether. The porous nature of the product comes from the
packing of these Fe3O4/C nanocomposite particles.
The surface electronic states and the chemical composi-


tion of the Fe3O4/C nanocomposite were examined by X-ray
photoelectron spectroscopy (XPS). The typical wide XPS
spectrum of the Fe3O4/C nanocomposite in Figure 4a sug-


gests the existence of Fe, O, and C in the product. Both Fe
2p and C 1s peaks were further examined by high-resolution
XPS. As shown in the inset of Figure 4a, the peaks at 711.1
and 724.7 eV are the characteristic doublet of Fe 2p3/2 and
Fe 2p1/2 for iron oxide.[32] In the high-resolution XPS spec-
trum of the C 1s region (Figure 4b), the peak at 284.6 eV is
assigned to the C�C bonds, whereas those at 285.8 and
288.2 eV suggest the existence of functional groups such as
OH and C=O.[32] These peaks are mainly attributed to the
activated carbonaceous materials (C�C bonds) and partially
dehydrated residues from starch (functional groups). The
residues containing OH and C=O groups are possibly either
covalently bonded or physically anchored to the surface of
the Fe3O4/C nanocomposite. In this regard, the surface prop-
erties of such an Fe3O4/C nanocomposite should be greatly


Figure 2. Typical EDX spectrum of the Fe3O4/C nanocomposite.


Figure 3. a) Representative TEM image of the Fe3O4/C nanocomposite.
Inset: SAED pattern indicating the crystalline spinel nature of Fe3O4.
b) HRTEM image of the (111) lattice fringes of Fe3O4. c) HRTEM image
of the interface between Fe3O4 and C.


Figure 4. a) Wide-range XPS spectrum of the Fe3O4/C nanocomposite.
Inset: corresponding high-resolution XPS spectrum for Fe 2p. b) Corre-
sponding high-resolution XPS spectrum for C 1s.
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altered and improved. To examine the colloidal stability of
the product, the nanocomposite (15 mg) was dispersed in
deionized (DI) water (60 mL) under ultrasonication for
10 min and then vigorously stirred for 2 h. The composite
particles remained in suspension after being left to stand for
several days, thus indicating that they can be well-dispersed
in aqueous solution. We believe that this Fe3O4/C nanocom-
posite with enhanced hydrophilicity and stability in an aque-
ous system may be potentially useful in bionanotechnology.
Many unique properties of colloidal particles are based on
the functions of the microstructures. They depend greatly on
the size, shape, and structure of the building blocks.[8] More
recently, Sun and Li[31] reported the synthesis of carbona-
ceous microspheres from saccharide starting materials by
dehydration under conventional hydrothermal conditions.
Those microspheres were hydrophilic and functionalized
with OH and C=O groups, a result very similar to ours. Fur-
thermore, the thermal and nonthermal effects that are in-
duced by microwave irradiation in our approach probably
contribute to the final morphology and structure of the
products.[14] Unlike conventional hydrothermal heating, “hot
surfaces” on solid Fe3O4 as well as “hot spots” may be creat-
ed by microwave irradiation. These local effects may not
only accelerate the dehydration reaction of starch but also
improve the crystallinity and magnetization intensity of
Fe3O4.
In our Brunauer–Emmett–Teller (BET) surface-area anal-


ysis, the Fe3O4/C nanocomposite exhibits a high surface area
(�79.6 m2g�1) that is larger than that of bare Fe3O4 nano-
particles (�42.5 m2g�1) obtained in the absence of starch.
This indicates that Fe3O4/C is
porous whereas the bare Fe3O4


is made of solid powder.[33]


Figure 5 shows representative
nitrogen adsorption–desorption
isotherms of Fe3O4/C. The
inset shows the corresponding
pore size distribution curve
calculated from the desorption
branch of a nitrogen isotherm
by the Barrett–Joyner–Halen-
da (BJH) method with the
Halsey equation.[34] In agree-
ment with the direct TEM ob-
servations, the type IV and the
BJH pore size distribution
curves indicate that the Fe3O4/
C nanocomposite contains mi-
cropores (<2 nm) and meso-
pores with a maximum pore di-
ameter of about 10 nm. Such a
porous nanocomposite with
high surface area is advanta-
geous for applications that re-
quire rapid mass transport or
pore accessibility to larger
molecules.[6]


The magnetic properties of the Fe3O4/C nanocomposites
were investigated with a vibrating sample magnetometer
(VSM). Figure 6a shows a representative magnetic hystere-
sis loop of Fe3O4/C measured at room temperature, which
suggests typical superparamagnetic behavior with zero coer-
civity and remanence.[18] Even with large aggregates, the
porous composite showed no remanence when the magnetic
field was removed, which suggests that the individual Fe3O4


nanocrystals in the composite is noninteracting. This super-
paramagnetism is very useful in technical applications such
as magnetic separation. Figure 6b displays the temperature-
dependence magnetization curves measured at a magnetic


Figure 5. Nitrogen adsorption–desorption isotherms for the Fe3O4/C
nanocomposite. The inset shows the corresponding BJH pore-size
distribution.


Figure 6. a) Hysteresis loop of the Fe3O4/C composite determined at room temperature. Upper-left inset: mag-
nified M versus H curve at low magnetic field (�0.2 to 0.2 kOe) showing the superparamagnetic behavior
(zero coercivity and remanence). Lower-right inset: photographs of aqueous Fe3O4/C suspension (5 gL�1) and
composite Fe3O4/C particles attracted to a magnet. b) Temperature-dependent magnetization (ZFC/FC) of the
Fe3O4/C composite measured at a magnetic field of 500 Oe, showing a TB of 85 K. c) Magnetic hysteresis loop
of the Fe3O4/C composite measured at 10 K. d) Magnified part of c) (�3 to 3 kOe) showing a coercivity force
of 130 Oe.
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field of 500 Oe. The zero-field cooling (ZFC) and field cool-
ing (FC) measurements gave an estimated blocking temper-
ature (TB) of 85 K. Figure 6c shows the magnetic hysteresis
loop for the Fe3O4/C nanocomposite measured at 10 K
cooled in the ZFC mode. The corresponding amplification
of the loop in the low-field region is shown in Figure 6d. It
is clear that the nanocomposite is ferromagnetic at 10 K
(below TB) with a coercivity force of 130 Oe.
The porous Fe3O4/C nanocomposite with functionalized


hydrophilic and biocompatible surfaces and superparamag-
netic behavior may serve as an ideal matrix for studying en-
trapped biomolecules. As a preliminary study, we immobi-
lized the hemoglobin (Hb) enzyme in the functionalized ar-
chitecture. Hb is a well-characterized protein with many
practical applications.[35] Heme absorption is a very useful
conformational probe for studying heme proteins, and the
absorption positions of the Soret adsorption band provide
information on the environment of the heme.[35] As shown
in Figure 7, Hb�Fe3O4/C gives a heme band at 407 nm,


which is close to the Soret band at 406 nm for native Hb in
the buffer. This indicates that there exists a slight structural
variation in the vicinity of the heme site, but no significant
denaturation occurs in the porous Fe3O4/C composite.[35] A
detailed investigation of the binding mechanism is in prog-
ress.


Conclusions


We have successfully constructed an Fe3O4/C nanocomposite
on a large scale through a mild microwave-enhanced hydro-
thermal approach. This green wet-chemical route is simple
and low-cost, and thus is ideal for large-scale industrial pro-
duction. The Fe3O4/C nanocomposite contains porous struc-
tures and exhibits superparamagnetic behavior. More impor-
tantly, it inherits functional groups from the starting materi-
als. We believe that this hydrophilic and biocompatible
nanocomposite will have important applications in catalysis,
separation, adsorption, and bionanotechnology.


Experimental Section


Synthesis


All chemicals were of analytical grade and used as received without fur-
ther purification. In a typical procedure, starch (3 g) was thoroughly dis-
solved in DI water (20 mL) in a round-bottomed flask at 90 8C, and the
flask was then placed immediately in a temperature-controlled water
bath at (60�1) 8C. After addition of solutions of FeCl2 (5 mL, 0.3m) and
FeCl3 (5 mL, 0.6m) with vigorous mechanical stirring, aqueous NaOH
(1 mL, 15m) was rapidly injected through a plastic syringe. Argon gas
was bubbled through the reaction medium during the coprecipitation
process. The reaction and crystal growth were allowed to proceed for
30 min at 60 8C with vigorous stirring. Finally, a black-brown suspension
was obtained, which was cooled to room temperature and sealed in a
double-walled high-pressure digestion vessel. After treatment at 200 8C
for 30 min with a microwave digestion system (Ethos TC, Milestone), the
vessel was cooled to room temperature. The product was collected,
washed with DI water and alcohol, and dried in a vacuum at 40 8C for 4 h
(yield�120 mg). For immobilizing of the Hb molecules, Fe3O4/C (40 mg)
was mixed with Hb stock solution (6 mL, 4 mgmL�1, pH 7.2, 10 mm po-
tassium phosphate buffer) and stirred for 1 h at room temperature. The
composite Hb�Fe3O4/C was separated from the suspension by magnetic
decantation, washed, and dried at 4 8C for further studies.


Characterization


Powder XRD patterns were recorded on a Bruker D8 Advance diffrac-
tometer with high-intensity CuKa1 irradiation (l=1.5406 K). Diffraction
patterns were collected from 108 to 808 at a rate of 2.48 per minute with
a step size of 0.028. TEM images were recorded on a Tecnai F20 (FEI,
200 kV) microscope and a CM-120 microscope (Philips, 120 kV) coupled
with an EDX (Oxford Instrumentys) spectrometer. Samples were depos-
ited on thin amorphous carbon films supported by copper grids from ul-
trasonically processed solutions of the products in ethanol. A Kratos
ASIS-HS X-ray photoelectron spectroscope equipped with a standard
monochromatic source (AlKa) operating at 150 W (15 kV, 10 mA) was
employed for surface analysis. The binding-energy (B. E.) scale was cali-
brated by determining the B. E. of Au 4f7/2 (84.0 eV). UV/Vis spectra
were collected at room temperature with a Varian Cary 100 UV/Vis Scan
spectrometer. The colloidal dispersion (in DI water) was placed in a
quartz cuvette, which was gently shaken before the spectrum was record-
ed. BET surface areas and porosities were determined by nitrogen ad-
sorption and desorption with a Micrometritics ASAP2010 analyzer. All
the samples were degassed at 393 K overnight. Powdered products were
weighed out for magnetic characterization by vibrating sample magneto-
metry (VSM-7300, Lakeshore, USA).
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Ring-Closing Olefin Metathesis for the Synthesis of Benzene Derivatives
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Introduction


The synthesis of benzene derivatives has long been a major
subject in organic synthesis owing to their widespread distri-
bution in nature and importance in industrial chemistry. The
classic approach based on aromatic substitution, in which a
substituent is introduced onto a pre-existing arene, has a po-
tential weak point in terms of difficulty in controlling regio-
selectivity on the aromatic ring.[1] In this context, building
up the aromatic moiety from acyclic precursors has received
growing interest as a promising countermeasure.[2] Recently,
the application of ring-closing olefin metathesis (RCM)[3] to
this strategy has emerged as an interesting variant because
of its high reactivity and almost-ideal functional-group toler-
ance.[4,5] Herein, we report a simple and efficient synthesis
of benzene derivatives, which employs ruthenium-catalyzed
tandem RCM/dehydration and RCM/oxidation processes.


Results and Discussion


The concept of tandem RCM/dehydration[6] for the con-
struction of benzene derivatives is shown in Scheme 1. It is
anticipated that the RCM of 1,4,7-trien-3-ol (1) would give


cyclohexa-2,5-dienol (2), from which benzene derivative 3
could be formed after dehydration.


Most of the required 1,4,7-trien-3-ols 1 were easily pre-
pared as reported by us in an earlier study of the synthesis
of phenol derivatives.[5i, 7] Thus, the coupling reaction of an
a,b-unsaturated aldehyde/ketone with bromodiene 4, which
was synthesized by the palladium-catalyzed bromoallyla-
tion[8] of the appropriate alkyne with allyl bromide 5, gave
the desired 1 with versatile substitution patterns (Scheme 2).


The viability of the RCM/dehydration process was first
tested on substrate 1a, which has a propyl group as both R3


and R4 (Table 1). To our delight, when RCM was carried
out with Grubbs3 first-generation catalyst 6[9] at room tem-
perature for 2 h, 2a was quantitatively obtained, which
slowly but spontaneously dehydrated to form 1,2-dipropyl-
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tion · ring closure
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Scheme 1. Tandem RCM/dehydration procedure.


Scheme 2. Retrosynthetic analysis of 1,4,7-trien-3-ol (1).
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benzene 3a. The dehydration was accelerated by treating
the RCM mixture with a catalytic amount of p-TsOH. As a
result, 3a was obtained in >99% yield over two steps
(Table 1, entry 1). The tandem RCM/dehydration process
appears to be general with a number of substrates. As with
1a, cyclizations with trienols that contain no or only one
substituent on the terminal olefins (1b–i) were nearly quan-
titative with catalyst 6 (Table 1, entries 2–9). Increasing the
steric bulk on the terminal olefins decreased the reaction
rate in the RCM step; therefore, Grubbs3 second-generation
catalyst 7[10] was required to complete these reactions in 2 h
(Table 1, entries 10–12). The formation of a tetrasubstituted
double bond in the RCM also required second-generation
catalyst 7 with an increase in temperature (40 8C; Table 1,


entry 13). Substrates containing
halides are known to present
problems in ruthenium-cata-
lyzed RCM because of the for-
mation of a stable Fischer-type
carbene intermediate.[11] In ac-
cordance with the literature,
the cyclization of 1n, which has
an iodide on the terminal
olefin, did not proceed at all,
although we used drastic condi-
tions (Table 1, entry 14). By
contrast, chloride-containing
substrate 1o, which is also a
challenging substrate, was suc-
cessfully cyclized to afford 3o
in 86% yield (Table 1,
entry 15).


Because it seemed likely that
cyclized intermediate 2 is at-
tractive for other transforma-
tions, we also investigated the
possibility of forming phenol
derivatives by the tandem
RCM/oxidation of 1. As shown
in Scheme 3, the oxidation of
2e, which was obtained from 1e
by RCM, with N-tert-butylben-
zenesulfinimidoyl chloride[12] as
the oxidizing agent gave the


corresponding phenol 8e. However, we were disappointed
with the low yield of the product, which resulted from the
inevitable competition for formation of benzene 3e by the
dehydration. Unfortunately, our attempts to improve the
yield of 8e by changing the oxidizing agent have so far been
unsuccessful.[13]


On the basis of these experiments, we next applied the
RCM/oxidation process to the synthesis of aniline deriva-
tives (Scheme 4). The RCM of 1,4,7-trien-3-amine 9 with
Grubbs3 second-generation catalyst 7 afforded cyclized
product 10 in 99% yield, which suffered less from unfavora-
ble elimination. Subsequent oxidation of 10 with MnO2 gave
the corresponding aniline derivative 11 in 77% yield.


Abstract in Japanese:


Table 1. Synthesis of benzene derivatives 3 by tandem ruthenium-catalyzed RCM/dehydration.[a]


Entry Substrate R1 R2 R3 R4 R5 R6 Product Catalyst T Yield [%][b]


1 1a H H nPr nPr H H 3a 6 RT >99
2 1b H H Ph H H H 3b 6 RT 97
3 1c H H Ph D H H 3c 6 RT 96
4 1d Me H nPr nPr H H 3d 6 RT >99
5 1e Me H Ph H H H 3e 6 RT >99
6 1 f Et H SiMe3 H H H 3 f 6 RT 94
7 1g Me H ACHTUNGTRENNUNG(CH2)2OMe Ph H H 3g 6 RT 99
8 1h H Me Ph H H H 3h 6 RT 80
9 1 i Me H Ph H Me H 3 i 6 RT 84


10 1j Ph H Ph H H H 3j 7 RT 96
11 1k ACHTUNGTRENNUNG(CH2)2OH H Ph H H H 3k 7 40 8C 84
12 1 l ACHTUNGTRENNUNG(CH2)2OAc H Ph H H H 3 l 7 40 8C >99
13 1m Me H Ph H H Me 3m 7 40 8C 91
14[c] 1n I H Ph H H H 3n 7 80 8C 0
15[c] 1o Cl H nPr nPr H H 3o 7 80 8C 86


[a] RCM was carried out with 1 and ruthenium catalyst (6 or 7, 7.5 mol%) in CH2Cl2 for 2 h. The reaction
mixture was treated with p-toluenesulfonic acid (p-TsOH; 10 mol%) and stirred for 1 h at room temperature.
[b] Yield of product isolated by silica-gel chromatography. [c] The reaction was carried out with 7 (15 mol%)
in toluene. Cy=cyclohexyl.


Scheme 3. Tandem RCM/oxidation of 1e. a) 6 (7.5 mol%), CH2Cl2, room
temperature, 2 h; b) N-tert-butylbenzenesulfinimidoyl chloride
(1.5 equiv), 1,8-diazabicyclo ACHTUNGTRENNUNG[5.4.0]undec-7-ene (DBU; 2.0 equiv), CH2Cl2.
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Conclusions


We have developed a simple and efficient synthesis of ben-
zene derivatives by employing ruthenium-catalyzed tandem
RCM/dehydration and RCM/oxidation processes. The syn-
thetic method explored holds promise for the preparation of
benzene derivatives with various structure types. Further
studies of the utility of RCM for the synthesis of versatile
benzene derivatives are under way.


Experimental Section


General procedure of the tandem RCM/dehydration for the synthesis of
3 : Catalyst 6 or 7 (7.5 mol%, 0.015 mmol) was added in one portion to a
solution of 1 (0.200 mmol) in CH2Cl2 (20 mL, 0.01m) under nitrogen at
room temperature. After 2 h of stirring, the reaction mixture was treated
with p-TsOH (0.020 mmol) and stirred for 1 h at room temperature. The
mixture was concentrated under reduced pressure and separated by
silica-gel column chromatography or preparative TLC on silica gel to
give 3.
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Introduction


Qualitatively, the Fischer carbenes have a donor–acceptor
interaction between the lone-pair electrons of the divalent
carbon atom and the metal cation. This field of research was
revitalized when Arduengo et al.[1] reported their stable N-
heterocyclic carbene (NHC) imidazol-2-ylidene ligand.
Many gold NHC compounds have been experimentally re-
ported;[2–5] a minireview on carbenes was produced by
Hahn.[6] A broad series of carbenes was compared in their
complexation to RhI by Herrmann et al.[7] A very accurate
study of the NHC itself and some light-element adducts has
just appeared.[8]


Earlier calculations on NHC bonding to gold are not nu-
merous. Boehme and Frenking[9] studied the trends along
the series of coinage metals Cu, Ag, and Au and the main-
group ligands carbene, silylene, and germylene. The stron-
gest bond of 346 kJmol�1 indeed occurred in the case of
NHC�AuCl. Both ionic and covalent contributions were
found to be important, whereas little p back-bonding from
the metal to the ligand was found. Nemcsok et al.[10] consid-
ered the [(NHC)2M]+ systems, for which Hu et al.[11] found
both s- and p-type bonding contributions. Sini et al.[12]


found that the AuX ligands (X=Cl, NH3
+ , OH2


+) prefer C
to N binding in their interaction with imidazole. In other
words, the NHC�mode is preferred to the alternative of N�
Au complexation. Cyclic diphosphinocarbenes (PHC) is a
related class of ligands that have been claimed to be even
better s donors than NHCs.[13]


To get a feeling for the position of NHCs in the broad
series of ligands, particularly the phosphanes that they often
replace, we report the present calculations in much the same
way as did Schrçder et al,[14] who ordered their ligands to-
wards gas-phase Au+ .


Results


The calibration results are shown in Table 1 and the produc-
tion results in Tables 2 and 3. The optimized structures of
those species with nontrivial coordination are shown in
Figure 1. The complexation energies of various ligands, L, to


Keywords: carbenes · coordination
chemistry · cyclopropenylidenes ·
gold · Lewis bases


Abstract: The bonding strength of N-heterocyclic carbene (NHC) ligands to a neu-
tral AuCl test moiety are compared to that of several phosphanes and other li-
gands. Of the ligands studied, the NHCs clearly form the strongest bonds to AuCl.
A simplified triangular CN2 model is also introduced for the NHCs.
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Table 1. Calibration calculations on Cl�Au�PH3.


Level[a] Basis (RI)[b] De


ACHTUNGTRENNUNG[kJmol�1]
R ACHTUNGTRENNUNG(Au�Cl)
[pm][c]


BP86 cc-pVDZ/ecp-60-mwb+2f 217 228.7
BP86 ACHTUNGTRENNUNG(vert) cc-pVDZ/ecp-60-mwb+2f 225 228.7
BP86 ACHTUNGTRENNUNG(vert,cp) cc-pVDZ/ecp-60-mwb+2f 220 228.7
RI-BP86 cc-pVDZ/ecp-60-mwb


+2f ACHTUNGTRENNUNG(def-SVP)
217 228.6


RI-BP86 def-SVP ACHTUNGTRENNUNG(def-SVP) 204 230.0
RI-BP86 def2-TZVP ACHTUNGTRENNUNG(def-TZVP) 224 227.2
RI-BP86 def2-TZVPP(def-TZVP,def-


TZVPP)
224 226.9


BP86 def2-QZVP 225 226.7
RI-MP2 cc-pVDZ/ecp-60-mwb+2f(cc-


pVDZ,ecp-60-mwb-SVP)
266 225.9


RI-MP2 def2-TZVP ACHTUNGTRENNUNG(def-TZVP) 274 223.7
CCSD(T) cc-pVDZ/cc-pVDZ-PP 201 227.4
CCSD(T) cc-pVTZ/cc-pVTZ-PP 217 226.8
CCSD(T) cc-pVQZ/cc-pVQZ-PP 229 226.0


[a] The symbol cp indicates counterpoise correction and vert indicates
that the dimer geometries vere used for the free ligands. [b] The basis-set
description A/B(C) refers to ligand elements A, gold basis B, and resolu-
tion-of-identity (RI) basis C. [c] Au�Cl bond length.
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the AuCl test particle are depicted in Figure 2. The main
result is that, indeed, the three NHC ligands top the scale.
A comparison with the complexation energies for a naked,
gas-phase Au+ cation is also made in both Tables 2 and 3
and Figure 2. Results for some 2p-aromatic ligands are sum-
marized in Table 3.


Relativistic effects are important for gold. As an example,
Boehme and Frenking[9] showed that half of the dissociation
energy of (H-NHC)AuCl comes from relativistic effects. In
the present work we did not perfom any nonrelativistic ref-
erence calculations.


Discussion


Our calculated order of ligand strength towards AuCl in
Tables 2 and 3 is Xe<NF3<OH2<SH2<NC-Me<pyri-
dine<NH3, PF3, PH3<CO<PPh3<N3


+ , PMe3<CN-Me,
CN2<C ACHTUNGTRENNUNG(PH3)2<PHC-H, NHC-Cl, C3H2, CP2<NHC-H,
NHC-Me. The order remains virtually unchanged for Au+ .


One remarkable NHC compound is the carbene-stabilized
gold(I) fluoride of Laitar et al. ,[15] which has an Au�F bond


Table 2. Calculated BP86/cc-pVDZ Au�L dissociation energies for the Cl�Au-L and Au+�L series, Au�Cl and Au�L (nearest atom) distances, and two
vibrational stretching frequencies and IR intensities for the Cl�Au�L series.


L De ACHTUNGTRENNUNG(Au�Cl)
ACHTUNGTRENNUNG[kJmol�1]


DeACHTUNGTRENNUNG(Au+)
ACHTUNGTRENNUNG[kJmol�1]


R ACHTUNGTRENNUNG(Au�L)
[pm]


R ACHTUNGTRENNUNG(Au�Cl)
[pm]


nsym [cm�1]
(I ACHTUNGTRENNUNG[kmmol�1])


nantisym [cm�1]
(I ACHTUNGTRENNUNG[kmmol�1])


Reference


NHC�Me 343 198.6 229.8 334 (14) 350 (23)
NHC�H 340 557 197.2 229.4 275 (9) 346 (32)


371 197.6 229.6 [9] MP2
346 [9] CCSD(T)


198.6 [12]
NHC�Cl 321 196.9 228.9 224 (3) 348 (41)
PHC�H 318 532 194.7 228.9 189 (17) 350 (64)
PHC�N 306 499 193.4 228.3 194 (8) 354 (46)
C ACHTUNGTRENNUNG(PH3)2 291 560 203.7 230.7 333 (33) 383 (9)
CN�Me 280 410 190.1 224.6 344 (42) 382 (1)


297 [14]
P�Me3 273 503 226.6 230.1 330 (51) 365 (0)
PPh3 260 227.4 230.3 190 (1) 337 (52)
CO 244 261 188.3 225.2 371 (31) 482 (4)


201 [14]
PH3 217 366 225.3 228.7 333 (35) 361 (2)


402 [14]
PF3 213 219.6 226.6 231 (1) 360 (43)
NH3 213 342 209.5 226.5 355 (18) 446 (3)


297 [14]
pyridine 207 204.9 226.5 217 (2) 360 (31)
triazine 187 204.1 225.8 217 (3) 366 (29)
NC�Me 185 304 196.7 225.4 304 (13) 371 (17)


285 [14]
H2S 170 295 231.1 227.7 295 (6) 355 (18)


230 [14]
H2O 148 227 218.0 224.9 344 (0) 383 (25)


159 [14]
NF3 129 201.0 223.9 227 (2) 379 (20)
Xe 65 150 268.4 226.2 124 (0) 347 (16)


126 [14]


Table 3. Calculated BP86/cc-pVDZ results for some triangular 2p ligands bound to Au�Cl and Au+ .


L De ACHTUNGTRENNUNG(Au�Cl)
ACHTUNGTRENNUNG[kJmol�1]


De ACHTUNGTRENNUNG(Au+)
ACHTUNGTRENNUNG[kJmol�1]


R ACHTUNGTRENNUNG(Au�L)
[pm]


R ACHTUNGTRENNUNG(Au�Cl)
[pm]


nsym [cm�1]
(I ACHTUNGTRENNUNG[kmmol�1])


nantisym [cm�1]
(I ACHTUNGTRENNUNG[kmmol�1])


CP2 324 499 192.0 228.1 255 (2) 352 (45)
C3H2 323 494 192.7 228.2 344 (41) 388 (0)
CN2 281 341 190.1 225.9 356 (24) 395 (8)
N3


+ 268 190.3 219.2 338 (2) 424 (4)
NP2


+ 203 �155 193.1 221.0 247 (3) 400 (16)


Abstract in Swedish: Kvantkemiska berMkningar visar att N-
heterocykliska karbener (NHC) bildar starkt bundna kom-
plex med AuI. I vNr jMmfçrelse av ett antal typiska ligander
bundna till AuCl, uppvisar NHC den klart stçrsta bindnings-
styrkan. Vi presenterar CN2 som en fçrenklad model fçr
NHC, och anvMnder den fçr att i detalj analysera bindningen
till AuCl.


624 www.chemasianj.org G 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2006, 1, 623 – 628


FULL PAPERS







in a stable organometallic compound. Its experimental R-
ACHTUNGTRENNUNG(Au�C) of 195.6 pm is in line with the Au�C bond lengths
calculated herein. Similarly, the experimental Au�C bond
lengths of Singh et al.[4] in a series of (NHC)AuCl com-
pounds range from 193 to 203 pm; their group also quoted
further data.


We studied the cyclic 2p-stabilized systems as a set of hy-
pothetical model ligands, (Table 3). Here we introduced the
triangular diazocyclopropene ligand CN2 as a “baby model”
for the NHC. It surpasses the phosphanes but not the NHCs
in Au�L bond strength. For isolated CN2, the cyclic singlet
state lies above the linear triplet CNN state.[16–18] Notably,
the diazirines also form excellent carbene precursors.[19] The


calculated Au�C bond length for CN2 is shorter than those
for the NHCs, although the bond is weaker.


A pictorial analysis of the interaction between AuCl and
the CN2 baby model is shown in Figures 3 and 4. Starting
with the s interactions, 24A1 represents the main Au�C
bond and 25A1 is dominated by N in-plane lone-pair elec-
trons (right). 26A1 is another (slightly weak) example of a
bond of the outer s orbital on a transition metal, based on
the s–ds “doughnut” orbital. Such bonds are prominent in
metalloactinyls, as discussed elsewhere.[20]


The off-plane p Au�C interaction is shared between 11B1
and 12B1, the latter also possessing a strong Cl 3pp charac-
ter. The in-plane p Au�C interaction is mainly in 12B2, with
13B2 being weakly Au�C antibonding.


Cyclopropenylidene, C3H2, which is isoelectronic to CN2,
is even more strongly bound than CN2. Such cyclopropenyli-
denes exist in interstellar space, and the first laboratory re-
sults were only just published.[21] The Au�L bond strength is
comparable to that of NHC�Cl. In matrix isolation spectros-
copy, cyclopropenylidene was already observed by Reisen-
auer et al.[35] and Maier et al.[36]


The cyclic CP2 could be considered as a simple model for
cyclic diphosphinocarbenes. The Au�CP2 bond-dissociation


Figure 1. Optimized structures of the complexes studied.


Figure 2. Calculated dissociation energies (De) at the BP86/cc-pVDZ
level.
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energy is equal to that of Au�C3H2. Note that the bond
strength of N3


+ is comparable to that of PMe3 despite the
cationic character of gold in Au�Cl. Tarroni and Tosi found
the cyclic singlet state (a’1 A1) to be the first excited state


for the isolated N3
+ .[22] The Brønsted basicity of carbodi-


phosphoranes is being studied computationally by Tonner
and Frenking.[23]


We include in Table 3 the two vibrational Au�L stretching
frequencies to characterize the Au�L bond for possible
spectroscopic identification.


An energy-decomposition analysis[24] for five ligands is
shown in Table 4. The repulsive Pauli part and the attractive
electrostatic part roughly cancel. If we interpret the results


that way, most of the net bonding, DEint, could come from
the orbital (covalent) interaction. Nemcsok et al.,[10] howev-
er, preferred to compare DEelstat against DEorb. For NHC-Me
and CN2, the binding energy, �DEint, of the latter is
63 kJmol�1 smaller, although its Au�C bond length is
8.5 pm shorter. As seen in the two last columns of Table 4,
DEPauli and DEorb is more favorable for CN2 by 65 and


Figure 3. Orbital-correlation diagram for the (Cl�Au)ACHTUNGTRENNUNG(CN2) complex.


Figure 4. Representative molecular orbitals of the (Cl�Au) ACHTUNGTRENNUNG(CN2) (left to right) complex. Orbitals of A1 and B2 symmetry are symmetric, whereas those
of B1 are antisymmetric with respect to the molecular plane.


Table 4. Energy-decomposition analysis at the BP86/TZ2P level with the (Cl�
Au)(L) fragments.


L PH3 PMe3 NHC�H NHC�Me CN2


DEint


ACHTUNGTRENNUNG[kJmol�1][a]
�229 �286 �325 �333 �270


DEPauli


ACHTUNGTRENNUNG[kJmol�1][b]
639 735 892 895 830


DEelstat


ACHTUNGTRENNUNG[kJmol�1][c]
�595 (69%) �738 (72%) �920 (76%) �925 (75%) �721 (66%)


DEorb


ACHTUNGTRENNUNG[kJmol�1][d]
�273 (31%) �283 (28%) �297 (24%) �302 (25%) �379 (34%)


s, p[e] �185, �89 �212, 84 205, 174
q ACHTUNGTRENNUNG(AuCl)[f] �0.0864 �0.1414 �0.1041 �0.1184 0.0741


[a] Total interaction. [b] Pauli interaction. [c] Electrostatic interaction; percentage
of total attractive interaction in parentheses. [d] Orbital interaction; percentage of
total attractive interaction in parentheses. [e] The separate s and p contributions to
DEorb. [f] Hirshfeld charge[34] of AuCl fragment.
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77 kJmol�1, respectively, but DEelstat is less favorable by
�204 kJmol�1.


Conclusions


1. In a comparing complexation to an AuCl test particle
with other ligands, the NHCs have the largest complexa-
tion energies. The energies of complexation to Au+


follow a closely similar trend.
2. The larger NHC�ACHTUNGTRENNUNG(AuCl) complexation energy relative to


(ClAu)�PMe3 is dominated by a larger electrostatic at-
traction, part of which is consumed against larger Pauli
repulsion. The orbital interaction is only slightly larger.


3. A CN2 baby model was introduced for the NHCs. Its
Au�C bond length and binding energy are both smaller
than those of the NHCs. However, it surpasses the phos-
phanes in Au�L bond strength.


Calculational Methods


Density functional calculations were performed by using the BP86 func-
tional in conjunction with the cc-pVDZ basis sets, as implemented in
Gaussian 03.[25] For gold, we used a 19-valence-electron scalar relativistic
pseudopotential together with the corresponding (8s7p6d2f)/ ACHTUNGTRENNUNG[6s5p3d2f]
valence basis set.[26] For xenon, we used an 8-VE pseudopotential togeth-
er with a (14s10p2d1f)/ ACHTUNGTRENNUNG[3s3p2d1f] basis set.[27,28] Local minima on the po-
tential-energy surface were verified by frequency analysis of the respec-
tive optimized geometry.


To investigate the effect of the computational methods on the results, we
performed more-extended calculations on the Cl�Au�PH3 system. These
calculations were done at the DFT/BP86, MP2, and CCSD(T) levels to-
gether with basis sets of up to cc-pVQZ quality. These DFT/BP86 and
MP2 calculations were performed within the RI approximation, as imple-
mented in the TURBOMOLE program package.[29] The CCSD(T) calcu-
lations were done with the MOLPRO package,[30] in which we used the
newly developed pseudopotential[31] and the corresponding correlation
consistent basis sets on gold.[32] The calibration results are shown in
Table 1. The dissociation energy obtained from a counterpoise-corrected
calculation on Cl�Au�PH3 at the BP86/cc-pVDZ level, in which the mo-
nomer geometries are fixed to that of the optimized dimer, differs by
only a few percent from the uncorrected one. Hence, we expect the
BSSE to be small.


If we take the results obtained at the CCSD(T)/cc-pVQZ level as a refer-
ence, we can conclude that the MP2 results exaggerate the bonding. The
MP2 bond-dissociation energy is too large, and the Au�Cl bond length
too short. With the exception of the smallest basis set, the SVP, the DFT/
BP86 results are in reasonably good agreement with the reference data.
A similar conclusion can also be made by comparing the results for
NHC-H presented in Table 2.


The energy-decomposition analysis was done with the ADF program
package.[33]


Acknowledgements


This work was supported by The Academy of Finland, grants 200903 and
206102. The computational resources were partially provided by the
Center for Scientific Computing, Espoo, Finland. We belong to the Fin-
nish Center of Excellence in Computational Molecular Science (CMS).
N.R. is on leave of absence from CSC, Espoo, Finland.


[1] A. J. Arduengo III, R. L. Harlow, M. Kline, J. Am. Chem. Soc. 1991,
113, 361–363.


[2] D. Bourissou, O. Guerret, F. P. GabbaS, G. Bertrand, Chem. Rev.
2000, 100, 39–91.


[3] V. J. Catalano, M. A. Malwitz, A. O. Etogo, Inorg. Chem. 2004, 43,
5714–5724.


[4] S. Singh, S. S. Kumar, V. Jancik, H. W. Roesky, H.-G. Schmidt, M.
Noltemeyer, Eur. J. Inorg. Chem. 2005, 3057–3062.


[5] I. J. B. Lin, C. S. Vasam, Can. J. Chem. 2005, 83, 812–825.
[6] F. E. Hahn, Angew. Chem. 2006, 118, 1374–1378; Angew. Chem. Int.


Ed. 2006, 45, 1348–1352.
[7] W. A. Herrmann, J. SchTtz, G. D. Frey, E. Herdtweck, Organometal-


lics 2006, 25, 2437–2448.
[8] D. A. Dixon, A. J. Arduengo III, J. Phys. Chem. A 2006, 110, 1968–


1974.
[9] C. Boehme, G. Frenking, Organometallics 1998, 17, 5801–5809.


[10] D. Nemcsok, K. Wichmann, G. Frenking, Organometallics 2004, 23,
3640–3646.


[11] X. Hu, I. Castro-Rodriguez, K. Olsen, K. Meyer, Organometallics
2004, 23, 755–764.


[12] G. Sini, O. Eisenstein, R. H. Crabtree, Inorg. Chem. 2002, 41, 602–
604.


[13] S. Marrot, T. Kato, H. Gornitzka, A. Baceiredo, Angew. Chem.
2006, 118, 2660–2663; Angew. Chem. Int. Ed. 2006, 45, 2598–2601.


[14] D. Schrçder, H. Schwarz, J. HrušVk, P. Pyykkç, Inorg. Chem. 1998,
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Removal of Toxic Metal-Ion Pollutants from Water by Using Chemically
Modified Carbon Powders**
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Introduction


The accumulation and release of toxic substances into the
environment, particularly toxic heavy metals, has increased
significantly over the past few decades, mainly due to
human activities such as mining and the rapid industrializa-
tion of countries around the globe, for example, in develop-
ing countries such as India and China.[1–7] The environmental
impact of mining operations[2,3] and heavy industry[4,5] is
leading to the accumulation of high concentrations of toxic
heavy-metal ions such as CuII, CdII, PbII, and HgII in lakes


and rivers owing to the largely nondegradable and recircu-
lating nature of these pollutants.[7,8, 9] The presence of heavy
metals in aquatic media and drinking water are potentially
dangerous to the health of both humans and aquatic life, de-
pending on the exposure levels and chemical form of the
heavy metal.


The potentially damaging impact of heavy-metal release
from mining activities was illustrated in 1998 when 5 million
cubic meters of acidic waste water containing high concen-
trations of PbII, CuII, ZnII, and CdII was accidentally spilt
from a mining reservoir in Andalusia, southwestern Spain.
The spill polluted up to 185000 acres of warm marshland in
the Coto de Do2ana National Park, which is home to some
250 species of migratory birds and is a World Heritage
Site.[3] The clearest example of the tragic human consequen-
ces of heavy-metal pollution is the widespread poisoning of
millions of people in countries such as Argentina, China,
Mexico, Taiwan, India, and in particular Bangladesh, where
up to 60% of the Bangladeshi groundwater contains natu-
rally occurring arsenic concentrations greatly in excess of
the World Health Organization (WHO) guidelines of
10 ppb.[10,11]


As many salts of these heavy-metal ions are water-soluble,
common physical methods of separation are rendered inef-
fective. Therefore, there is a pressing need to develop a
facile, rapid, and inexpensive method of removing toxic
heavy-metal ions from aqueous media for filtration of drink-
ing water and/or environmental cleanup.
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Abstract: The thermodynamics of and
the kinetic parameters controlling the
sequestration of the toxic heavy-metal
ion CdII from aqueous media by using
a novel material consisting of glassy
carbon microspheres (10–20 mm in di-
ameter) chemically modified with l-
cysteine methyl ester are presented. In
an effort to reduce the cost and in-
crease the efficiency of toxic-metal-ion


removal, this modification strategy was
expanded to attach l-cysteine methyl
chemically ester to less-expensive
graphite powders (2–20 mm in diame-
ter), and the thermodynamic and kinet-


ic parameters of the sequestration of
CdII, CuII, and AsIII toxic metal ions
are presented. It was found that the
use of chemically modified graphite
powder greatly increased both the rate
and the amount of metal ions removed
from aqueous media. This work has im-
portant potential applications to filtra-
tion of drinking water and environmen-
tal remediation.


Keywords: adsorption · arsenic ·
cadmium · copper · modified
carbon · water detoxification
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Much of the research efforts of the scientific community
have been focused on removing AsIII and AsV from drinking
water. For example, in the recently highlighted work of
Al Rmalli et al., powdered water hyacinth roots were found
to reduce the concentration of arsenic below the WHO
guidelines within one hour of exposure.[12] Holcombe and
co-workers demonstrated that polypeptides such as poly-l-
histidine,[13] poly-l-aspartic acid,[14] poly-l-glutamic acid,[14]


and in particular, poly-l-cysteine are able to chelate metal
ions such as CdII, PbII, NiII and CuII ;[15–18] this work has been
used for trace analysis of these metals. These efforts inspired
us to develop a method for the bulk surface modification of
graphite powder with poly-l-cysteine (PCcarbon). Subse-
quently, we showed that this material could remove consid-
erable quantities of CdII ions from aqueous media.[19] How-
ever, biohomopolymers are prohibitively expensive and dif-
ficult to manufacture on a large scale. To overcome these
problems, Gooding and co-workers used monomeric amino
acids as well as polypeptides covalently attached to elec-
trode surfaces to detect metal ions such as CuII at sub-ppb
levels; however, they have not used this approach for metal-
ion sequestration.[20–23] Therefore, we developed a simple
and facile technique to attach covalently a monomeric ana-
logue of poly-l-cysteine, namely, l-cysteine methyl ester
(CysOMe; MeOOCCH ACHTUNGTRENNUNG(CH2SH)NH2), onto the surface of
glassy carbon microspheres (10–20 mm in diameter,
CysOMe-GC). We found that this material was capable of
removing similar amounts of CdII ions as PCcarbon, whilst
also removing CuII and, most importantly, AsIII ions in a
rapid and irreversible manner from real aqueous media such
as river water and Bangladeshi well-water samples.[24] Fur-
thermore, CysOMe-GC is considerably less expensive to
produce than PCcarbon and proffers the possibility of facile
scale-up for mass production on an industrial scale.[24]


To optimize this novel “catch-all” material for real-world
applications to the filtration of drinking water in countries
such as Bangladesh and environmental remediation, we first
need to understand both the thermodynamics and the kinet-
ics of metal adsorption by the CysOMe-GC powder. Our in-
itial investigations used the CuII ion as a model heavy-
metal-ion pollutant and allowed us to develop both an un-
derstanding of the thermodynamic and kinetic parameters
that control the uptake of CuII by CysOMe-GC and a more-
general theoretical framework within which we were able to
model and simulate mathematically adsorption processes at
chemically modified carbon spherical microparticles.[25, 26]


Herein, we began by studying the thermodynamics and ki-
netics of CdII removal by CysOMe-GC powder within our
theoretical model before attempting to optimize this novel
material further, in terms of both efficiency of metal-ion
uptake and cost of the material. To this end, we further de-
veloped our method of covalently modifying glassy carbon
powder with CysOMe to apply it to the bulk surface modifi-
cation of less-expensive graphite powder. The resulting ma-
terial, CysOMe-carbon, was first characterized with X-ray
photoelectron spectroscopy (XPS) and combustion analysis
before the thermodynamic and kinetic parameters of the


uptake of CuII, CdII, and AsIII were elucidated by using
linear-sweep anodic stripping voltammetric (LSASV) analy-
sis, the accuracy of which was confirmed independently with
inductively coupled plasma atomic-emission spectroscopy
(ICP-AES) where appropriate. It was found that this opti-
mized material binds irreversibly larger quantities of these
toxic metal ions and more rapidly than CysOMe-GC. This
discovery has important implications for inexpensive meth-
ods of heavy-metal-ion sequestration, particularly in devel-
oping countries.


Theory


Thermodynamic Analysis


Adsorption isotherms, such as those obtained in the follow-
ing sections, represent the ratio of the quantity of adsorbate
adsorbed to that remaining in solution at equilibrium at a
given, fixed temperature. The earliest and simplest known
adsorption-isotherm relationships are those provided by
Freundlich[27] and Langmuir.[28] The Langmuir adsorption
isotherm is given by Equation (1):


Nads ¼
NmaxKCbulk


1þ KCbulk
ð1Þ


which, when linearized, gives Equation (2):


1
Nads


¼ 1
Nmax


þ 1
NmaxKCbulk


ð2Þ


where Nads is the number of moles of metal ion adsorbed
per milligram of modified carbon powder, Nmax is the maxi-
mum number of moles that can be adsorbed per milligram
of powder under the given conditions, Cbulk is the concentra-
tion of the metal ion remaining in the solution at equilibri-
um in moldm�3, and K is an equilibrium constant relating to
the affinity between the adsorbate and adsorbent.
The Freundlich isotherm is an empirically derived isotherm
given by Equation (3):


Nads ¼ K0C
1=n
bulk


ð3Þ


or if linearized, by Equation (4):


logNads ¼ logK0 þ 1
n
logCbulk ð4Þ


where Nads and Cbulk have been defined above and K’ and n
are Freundlich constants relating to the maximum adsorp-
tion capacity (which in some treatments can be thought of
as a pseudoequilibrium constant by analogy to the Lang-
muirian model) and the adsorption intensity, respectively.
The larger the value of K’ and the smaller the value of n
(which typically takes values between 1 and 10), the higher
the affinity of the adsorbent towards the adsorbate.
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Kinetic Analysis


A general mathematical model that describes the irreversi-
ble adsorption of a species at chemically modified micropar-
ticles under conditions of transient diffusion, steady-state
diffusion, and coupled diffusion/convection mass transport
was developed by Chevallier et al.[26] Therefore, only the rel-
evant results are presented herein, and the interested reader
is directed to reference [26] for the full theoretical treat-
ment.


The conditions employed throughout this work involve
coupled diffusion and convective mass transport of an adsor-
bate (i.e., the metal ion of interest) to the adsorbent (the
CysOMe-modified microparticle). The adsorption flux, h


(molcm�2), to the surface of the modified microparticle is
given by Equation (5):


h ¼ dCbulk


dt


����
t¼0


� V
NAp


ð5Þ


where Cbulk is the bulk concentration of adsorbate, V is the
volume of solution, N is the number of microparticles sus-
pended in the solution, and Ap is the spherically averaged
surface area of the microparticles. Under coupled diffusion/
convection conditions, h is related to the rate of adsorption
of the adsorbate by the adsorbent microparticle, kads, by sub-
stituting Equation (7) into Equation (6) to produce Equa-
tion (8):


h ¼ kadsCsurface ð6Þ


kads þ kmtð ÞCsurface ¼ kmtCbulk ð7Þ


h ¼ kmtkads


kads þ kmt


� �
Cbulk ð8Þ


where kmt is the mass-transfer coefficient and Csurface is the
concentration of adsorbate at the surface of the modified
microparticle. The minimum value of kmt can be calculated
by using the modified Frçssling equation, Equation (9):


kmt ¼
D
dp


2þ 0:6N1=2
Re N1=3


Sc


� �
ð9Þ


where D is the diffusion coefficient of the adsorbate, dp is
the diameter of the microparticle, and NRe and NSc are the
Reynolds and Schmidt numbers (=kinematic velocity/D),
respectively. Thus, by measuring the initial rate of change of
concentration of metal ion from the concentration–time plot
for a given initial bulk concentration, and armed with a
knowledge of the average number and size of microparticles
suspended in a known volume of solution, we can use Equa-
tions (5) and (8) to calculate a minimum value of kads. This
value can be calculated owing to the limitation of Equa-
tion (9) in providing the minimum value of kmt, which is
then incorporated into Equation (8) to find kads.


Results and Discussion


Characterization of CysOMe-Carbon Powder


As we seek to extend the modification of carbon surfaces by
CysOMe to include modified graphite powder, we must first
characterize the CysOMe-carbon made as described in the
Experimental Section. To this end, we used the sensitive sur-
face-analysis technique of XPS to determine how much, if
any, CysOMe had been successfully attached covalently to
the graphite surface. A sample of the CysOMe-carbon
powder was mounted in the XPS spectrometer as described
in the Experimental Section, and a scan was performed
from 0–1200 eV (Figure 1). Peak assignments were carried
out with the UKSAF[29] and NIST[30] databases.


The percentage surface elemental composition was calcu-
lated from the area under each peak in the wide spectrum
adjusted by the individual X-ray cross-sectional area of each
element. Taking into account the relevant atomic sensitivity
factors for the various elements, we found that CysOMe
comprises about 10% of the surface elements, with a varia-
tion between different sample preparations of �3%. This
surface coverage is in good agreement with that obtained
with combustion analysis, which gave a surface coverage of
CysOMe of 10–14%, and is approximately twice that report-
ed for CysOMe-GC powder.[25]


XPS analysis was also performed on samples of the
CysOMe-carbon powder after they were exposed to the
highest concentration of CuII, CdII, or AsIII solutions studied
(see below) for a period of 30 min. Figure 2 shows the re-
sulting XPS spectrum of CysOMe-carbon after exposure to
CdII over the region where the Cd 3d3/2 and 3p3/2 and the N
1s and O 1s spectral peaks are observed. The ratio of CdII to
CysOMe (as measured by the nitrogen spectral line areas)
were found to be approximately 1:1 after the relative atomic
sensitivity factors were taken into account. The XPS results
for the other metals studied show a similar stoichometric re-
lationship.


Figure 1. XPS spectrum of l-cysteine methyl ester modified carbon
powder.
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Thermodynamics and Kinetics of CdII Removal by
CysOMe-GC Powder


To compare the efficacy of CysOMe-carbon powder for
both CuII and CdII, we must first determine the correspond-
ing parameters for the removal of CdII by CysOMe-GC
powder. The thermodynamic[25] and kinetic[26] parameters
that control the sequestration of CuII by CysOMe-GC
powder have already been elucidated as part of our initial
investigations.


Previously, we demonstrated that the uptake of CuII, CdII,
and AsIII ions by the CysOMe-GC powder is independent of
the pH of the solution over pH 1.0–7.0.[26] This pH inde-
pendence implies that the CysOMe is covalently attached to
the carbon surface through the formation of an amide bond
rather than a thiol ester bond, and that metal-ion binding
occurs through the thiol group. If this were not the case,
then, as Gooding and co-workers showed, metal-ion binding
to the nitrogen atom would depend strongly on the pKa of
the free amine group within the amino acid.[32] Therefore,
for convenience, solutions of cadmium(II) nitrate (Cd-
ACHTUNGTRENNUNG(NO3)2) of varying concentration (	10, 50, 100, 200, and
500 mm; the exact concentration was determined by LSASV
analysis prior to each experiment) were prepared in the
same acetate buffer (pH 5.0) as used for the LSASV analy-
sis.


The modified CysOMe-GC powder (25 mg) was stirred in
a sample of the solutions of CdII (25 cm3) at each concentra-
tion studied for various times (2, 5, 10, 20, and 30 min), after
which the CysOMe-GC powder was filtered off, and a 10-
cm3 aliquot of the resulting solution of CdII was analyzed
with the LSASV stripping protocol (Figure 3; see Experi-
mental Section) to determine the concentration of CdII ions
remaining in the solution. As shown in Figure 4, within
30 min of exposure to the CysOMe-GC, the CdII concentra-
tion decreased by nearly 70%, which corresponds to an
uptake of 88 mg of CdII per gram of CysOMe-GC. This
uptake compares very favorably with that of graphite
powder modified with poly-l-cysteine, a vastly more expen-


sive material that requires a complex synthesis, studied
under identical conditions.[19]


Concentration–time profiles such as that shown in
Figure 4 were constructed for each CdII concentration stud-
ied. In each case, a rapid adsorption of CdII by the
CysOMe-GC powder was observed so that the equilibrium
concentration and hence Nads could be determined for each
initial value of bulk CdII concentration, Cbulk, studied. The
adsorption isotherms were then analyzed with both the
Langmuir and the Freundlich model as described earlier.
Attempts to fit the experimental data with the linearized
Langmuir model [Eq. (2)] resulted in a poor fit that pro-
duced physically impossible parameters such as negative
values of Nmax. In contrast, the analysis with a Freundlich
isotherm produced an excellent fit to the experimental data
(linear least squares regression coefficient=0.9995)
(Figure 5). The values of K’ and n were determined to be
0.098 Lg�1 and 0.90, respectively. When these values are
compared with the results obtained for CuII uptake, where
K’ and n were found to be 0.18 Lg�1 and 1.25, respectively,
we can see that we have a similar strong affinity for the irre-
versible adsorption of CdII by the CysOMe-GC powder and
a comparably large uptake.


Figure 2. Baseline-corrected XPS spectrum of CysOMe-carbon powder
after exposure to CdII, showing the region of interest from 350 to 700 eV.


Figure 3. CdII LSASV voltammograms with standard additions of CdII


(0–20 mm, 1 mm increments). Inset: The corresponding standard addition
plot.


Figure 4. Concentration–time profile for the removal of CdII (initial
ACHTUNGTRENNUNGconcentration	500 mm) by CysOMe-GC.
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Thermodynamics and Kinetics of CuII and CdII by
CysOMe-Carbon Powder


Having established a sufficient understanding of the behav-
ior of CysOMe-GC powder to allow comparisons to be
made, we next examined the efficacy of CysOMe-carbon
powder in the removal of the model heavy-metal ions CuII,
CdII, and AsIII studied so far. Concentration–time profiles
were again constructed for the removal of either CuII from a
solution at pH 2.0 or CdII from a solution at pH 5.0 (for con-
venience, the pH values used are the same as those for the
LSASV analysis as discussed above) by stirring the modified
carbon powder (25 mg) in solutions (25 cm3) of varying con-
centration for different lengths of time. Again the concen-
trations used were 5–500 mm, with the exact concentration
determined by LSASV analysis prior to commencement of
the experiments with graphite powder, and the stirring times
were 2–30 min in duration.


Comparison of the concentration–time profiles for the
uptake of either CuII or CdII between CysOMe-GC and
CysOMe-carbon demonstrates that, in every case, the latter
removed a greater amount of the metal ions more rapidly
(Figure 6). This can be attributed to the greater surface cov-
erage of CysOMe on graphite powder (	10–14%) com-
pared to glassy carbon powder (	7%).


The experimental data was analyzed with both the Lang-
muir and the Freundlich isotherm models, and again it was
found that the experimental data fitted the Freundlich iso-
therm model best (Figure 7). A comparison of the thermo-
dynamic parameters obtained for both CysOMe-GC and
CysOMe-carbon for CuII and CdII uptake is given in Table 1.


The rate of metal-ion adsorption by CysOMe-carbon was
determined at each concentration studied as described pre-
viously by using the initial rate of metal-ion adsorption from
the corresponding concentration–time profile. The average
adsorption rate constant of both CuII and CdII by both
CysOMe-GC and CysOMe-carbon is shown in Table 2 for


Figure 5. Freundlich plot for the uptake of CdII by CysOMe-GC.


Figure 6. Concentration–time profiles for the removal of CdII from a solu-
tion of Cd ACHTUNGTRENNUNG(NO3)2 (55 mm) in acetate buffer (pH 5.0), comparing the effi-
cacy of CysOMe-GC and CysOMe-carbon powder adsorbents. R=Treat-
ed with CysOMe-GC spheres, *= treated with CysOMe-carbon powder.


Figure 7. Freundlich plots for the removal of a) CuII and b) CdII by
CysOMe-carbon powder.


Table 1. A comparison of the thermodynamic parameters derived from
the Freundlich isotherm model for the uptake of CuII and CdII by both
CysOMe-GC and CysOMe-carbon.


Modified carbon powder Metal ion K’ [Lg�1] n


CysOMe-GC[a] CuII 0.182 1.25
CysOMe-carbon CuII 0.136 0.809
CysOMe-GC CdII 0.098 0.90
CysOMe-carbon CdII 0.167 1.18


[a] Data taken from reference [25].
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comparison. It is apparent that the rate of metal-ion adsorp-
tion by CysOMe-carbon is significantly greater than for the
CysOMe-GC powder.


The faster adsorption kinetics of CysOMe-carbon com-
pared to the CysOMe-GC powder can be related to the in-
creased surface coverage of CysOMe on the graphite parti-
cles, which is approximately double that of the GC micro-
spheres. This implies that for the following equilibrium pro-
cess [Eq. (10)]:


Csupport � CysOMeðsÞ þMetal ionðaqÞ Ð
Csupport � CysOMe�Metal ionðsÞ


ð10Þ


with an overall adsorption rate equation defined as follows
[Eq. (11)]:


�
d Mnþ½ � aqð Þ


dt
¼ kads Mnþ½ �aaqð Þ CysOMe½ �bsurf ð11Þ


the rate of adsorption is approximately first order with re-
spect to the surface concentration of CysOMe.


Control experiments with both unmodified and oxidized
graphite powder (treated with HNO3) were carried out and
demonstrated that the adsorption of metal ions in these
cases was immeasurably small. Having conclusively demon-
strated that our novel CysOMe-carbon is a more-effective
material for the removal of model divalent cations such as
CuII and CdII than the CysOMe-GC that we initially devel-
oped, we now focused our attention on the ability of
CysOMe-carbon to remove large quantities of the priority
toxic heavy-metal pollutant AsIII rapidly and effectively.


Adsorption of AsIII by CysOMe-Carbon Powder


Previously, it was observed that the adsorption of AsIII by
CysOMe-GC required greater amounts of this material than
used for the adsorption of other divalent metal ions, and
this probably reflects a more-complex binding mechanism of
AsIII by the CysOMe groups. Therefore, to measure the
uptake of AsIII by CysOMe-carbon, the modified carbon
powder (40 mg) was stirred in solutions (20 cm3) of various
concentrations of arsenic (10–150 mm) for times ranging
from a few minutes to several hours. After that, the powder
was filtered off, and the solution was analyzed by LSASV to
determine the concentration of AsIII remaining (see Experi-
mental Section). A set of samples that were analyzed by the
LSASV method was also sent for analysis of their AsIII con-


centration with ICP-AES. Reassuringly, the results of the
ICP-AES analysis were found to be in good agreement
(within 5%) with those obtained by LSASV, thereby dem-
onstrating that the electroanalytical protocol produced accu-
rate and reliable results. Again thermodynamic and kinetic
analyses were performed as described above. The uptake of
AsIII by CysOMe-carbon was found to obey a Freundlich
isotherm model with values of K’ and n of 2.8R10�3 Lg�1


and 1.25, respectively. It is clear that whilst the affinity or
binding strength of CysOMe for the arsenite ion is as strong
as for other metal ions (n=1.25), the maximum adsorption
or pseudoequilibrium constant for the removal of AsIII is
considerably smaller. Thus, whilst the adsorption of AsIII by
CysOMe-carbon remains strongly irreversible, greater
amounts of the material are required to remove a compara-
ble amount of AsIII than other solvated divalent metal ions
such as CuII or CdII from the same volume of solution, as
was observed. The kinetic adsorption rate constant was
found to be about 2R10�5 cms�1, which is an order of mag-
nitude slower than for the adsorption of the divalent metal
ions studied.


Removal of Trace Amounts of AsIII to Below
the WHO Limit


Next, we investigated whether CysOMe-carbon is capable of
rapidly lowering the concentration of arsenic in solution
from a typically high level of 50–100 ppb to below the
WHO-recommended maximum limit of 10 ppb.[10] This is an
important requirement of any effective arsenic-removal
methodology. CysOMe-carbon (40 mg) was stirred in a solu-
tion (20 cm3), whose initial AsIII concentration was deter-
mined to be about 70 ppb, for various times up to 30 min,
and the concentration of AsIII remaining in the solution was
monitored with the LSASV trace-analysis protocol de-
scribed in the Experimental Section (Figure 8). Figure 9


Table 2. A comparison of the average adsorption rate constant, kads, mea-
sured for the uptake of CuII and CdII by CysOMe-GC and CysOMe-
carbon powders.


Modified carbon powder Metal ion kads [cms�1]


CysOMe-GC[a] CuII 2R10�4


CysOMe-carbon CuII 6R10�4


CysOMe-GC CdII 3R10�4


CysOMe-carbon CdII 6R10�4


[a] Data taken from reference [25].


Figure 8. AsIII LSASV voltammograms with standard additions of AsIII


(0–2.2 mm, 0.22 mm increments). Inset: The corresponding standard
ACHTUNGTRENNUNGaddition plot.
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shows the resulting concentration–time profile. Remarkably,
the initial concentration of AsIII was decreased to below the
WHO limit within 10 min of exposure to the small amount
of CysOMe-carbon, and was further lowered beyond the
limit of detection (l.o.d.) of this methodology after 20 min of
exposure. By comparison, 200 mg of CysOMe-GC in 25 cm3


of a 120-ppb solution was only able to reduce the AsIII con-
centration to below the Bangladeshi legal limit of 50 ppb.[24]


The cost of materials required to produce 1 g of PCcarbon
and CysOMe-GC powders was estimated from catalogue
prices to be less than £100 and £5, respectively, which pro-
hibits their use in drinking-water filtration systems in poor
rural areas of developing countries worst affected by arsenic
poisoning. Not only is the cost of materials required to pro-
duce CysOMe-carbon vastly reduced at around £1 per gram,
we have also demonstrated that this material is much more
effective at removing toxic metal ions, particularly AsIII,
than either of our previous efforts with PCcarbon and
CysOMe-GC, or indeed some of the most-recent and effec-
tive methods of removing AsIII published in the literature,
such as the method of Al Rmalli et al. with dried hyacinth
roots.[12]


Conclusions


The thermodynamics and kinetics of uptake of various
model toxic metal-ion pollutants, notably AsIII, by CysOMe-
carbon powder have been elucidated. The adsorption pro-
cess was found to obey a Freundlich isotherm with strong ir-
reversible binding observed in all cases, and rapid adsorp-
tion kinetics of the order of 10�4 cms�1 in the case of CuII


and CdII and 10�5 cms�1 for AsIII. Significant improvements
in both the efficiency and the cost of producing the
CysOMe-carbon powder were demonstrated over previous
materials developed in our laboratory, namely, CysOMe-GC
and PCcarbon. CysOMe-carbon was able to reduce the con-
centration of AsIII in aqueous solutions to below the WHO
maximum permissible limit of 10 ppb rapidly, with far less


material than would be required if CysOMe-GC powder
were used. The performance of this material leads us to be-
lieve that it could offer a low-cost and highly effective
method of removing toxic metal ions for environmental re-
mediation and/or filtration of drinking water in countries
such as Bangladesh, where drinking water is heavily conta-
minated with toxic metals, particularly arsenic, and provide
obvious health benefits to a vast number of affected people
around the world. Alternatively, this material could find ap-
plication in heavily polluting industries such as mining, thus
preventing the routine or accidental release of such toxic
heavy-metal pollutants into the environment.


Laboratory standard solutions were used throughout this
work; this allowed us to determine the thermodynamic and
kinetic parameters for ideal generic cases, which can then be
used as a guide to optimize systems in the field. Real efflu-
ent samples are well-known to vary wildly in composition
and nature; therefore, it would have been necessary to de-
termine the optimum parameters for each and every effluent
system, which would require a huge amount of resources
and would not be practical or very informative in terms of
general information gleaned.


Before novel modified carbon materials such as CysOMe-
carbon can be used in real-world applications, many ques-
tions still have to be answered, including whether or not
these materials can also effectively bind other forms of ar-
senic, such as organic arsenic compounds and indeed inor-
ganic and organic compounds of AsV. The exact details of
the mechanism by which CysOMe-carbon is able to bind,
for example, the AsO2


� ion remain unclear. Finally, because
of the strong binding of metal ions by the CysOMe groups,
much work is still required to find a method of regenerating
the CysOMe-carbon after exposure to pollutants, with mini-
mal cost and environmental impact. Finding solutions to
these problems forms part of our ongoing research activities
into this novel material.


Experimental Section


Reagents and Equipment


Graphite powder (2–20 mm, synthetic, 98%) and all reagents were pur-
chased from Aldrich (Gillingham, UK), with the exception of the glassy
carbon microspherical powder (Alfa Aesar, Karlsruhe, Germany, Type I,
diameter 10–20 mm) and potassium chloride (Reidel de Haen, Seelze,
Germany), were of the highest grade commercially available, and were
used without further purification. All aqueous solutions were prepared
with deionized water with a resistivity of not less than 18.2 MWcm (Vi-
vendi Water Systems, UK). pH measurements were performed with a
Hanna Instruments pH213 pH meter.


Electrochemical measurements were performed with a m-Autolab com-
puter-controlled potentiostat (EcoChemie, Utrecht, Netherlands). A
three-electrode cell with a solution volume of 10 cm3 was used through-
out. The working electrode consisted of either a glassy carbon (GC;
3 mm diameter, BAS, Indiana, USA), a square boron-doped diamond
electrode (BDD; 3 mmR3 mm, Windsor Scientific Ltd, UK), or a gold
(1 mm diameter, GoodFellow, Cambridge, UK) macrodisc electrode. A
bright platinum wire (99.99%, GoodFellow, Cambridge, UK) acted as
the counterelectrode, and either a silver wire pseudoreference electrode
(99.99%, GoodFellow, Cambridge, UK) or a saturated calomel electrode


Figure 9. Concentration–time profile for the removal of trace amounts of
AsIII to below the WHO-recommended limit of 10 ppb.
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reference electrode (SCE; Radiometer, Copenhagen, Denmark) complet-
ed the three-electrode assembly. All solutions were degassed with pure
N2 (BOC Gases, Guildford, UK) for 20 min prior to any electrochemical
experiment being performed.


XPS was performed with a VG clam 4 MCD analyzer system at the
OCMS Begbroke Science Park, University of Oxford, UK, with X-ray ra-
diation from the AlKa band (hn=1486.7 eV). All XPS experiments were
recorded with an analyzer energy of 100 eV and a takeoff angle of 908.
The base pressure in the analysis chamber was maintained at no more
than 2.0R10�9 mbar. Each sample of carbon powder was mounted on a
stub with double-sided adhesive tape and then placed in the ultrahigh-
vacuum analysis chamber of the spectrometer. To prevent samples be-
coming positively charged when irradiated due to emission of photoelec-
trons, the sample surface was bombarded with an electron beam (10 eV)
from a “flood gun” within the analysis chamber of the spectrometer. The
peak positions reported were not corrected relative to the literature
value for C 1s of 286.6 eV, to account for the effect of the flood gun on
the peak positions of the spectral lines. Analysis of the resulting spectra
was performed with MicroCal Origin 6.0. Assignment of the spectral
peaks was made with the UKSAF[29] and NIST[30] databases.


ICP-AES determination of AsIII concentration in solution was analyzed
with a Perkin–Elmer Optima 5300DV emission ICP instrument. The rec-
ommended emission wavelength was 188.979 nm, and axial view is rec-
ommended for the best detection. As this is below the 200 nm threshold,
the optics were purged at a high flow of argon to minimize any absorp-
tion of light by water and air. The AsIII calibration, with five points (0,
50, 100, 150, 200 ppb), gave a correlation coefficient of 0.9993, and the
limit of detection, defined as 3 times the standard deviation of the blank
averaged from four blank checks each measured in three replicates, was
found to be 9.78 ppb or 0.0098 ppm. The expected value for the Perkin–
Elmer instrument is 1–10 ppb for this wavelength, so the sensitivity is ac-
ceptable. The blank solutions gave between 2.0 and 4.5 ppb for four
checks.


Combustion analysis on samples of CysOMe-carbon was carried out by
our inhouse chemical-analysis service within the Inorganic Chemistry
Laboratory, University of Oxford. Samples were analyzed for their per-
centage elemental content of C, N, and S with standard techniques and
equipment.


Covalent Modification of GC Spheres and Graphite Powder with
l-Cysteine Methyl Ester


The procedure, developed in this laboratory, for covalently coupling l-
cysteine methyl ester to carbon surfaces through the formation of an
amide bond between the amine group in the l-cysteine methyl ester mol-
ecule and surface carboxy groups has been published previously,[24–26] and
is described briefly below. First, in the bulk surface modification of glassy
carbon microspheres, our method is reliant on the fact that there are suf-
ficient carboxy groups already present on the glassy carbon surface for
the reaction to proceed. To develop this methodology further and apply
it to the bulk surface modification of graphite powder (2–20 mm average
particle diameter), we first need to introduce carboxy moieties onto the
graphite surface. To this end, we oxidized the oxygen-containing surface
groups (e.g., hydroxy and quinonyl groups), which are known to decorate
edge-plane defect sites on the graphite surface, by stirring the graphite
powder in concentrated nitric acid (HNO3) for 18 h. The oxidized graph-
ite powder was then washed with copious quantities of pure water until
the washings ran neutral to remove any nitric acid from the powder
sample. The modification of glassy carbon powder and its extension to
graphite powder was then performed as follows: Glassy carbon micro-
spherical powder or oxidized graphite powder (2 g) was stirred in thionyl
chloride (SOCl2; 10 cm3) for 90 min to convert the surface carboxy
groups into the corresponding acyl chloride groups. After that, the result-
ing material was washed with dry chloroform to remove any unreacted
thionyl chloride impurities. Next, the powder was suspended in dry
chloroform (10 cm3) containing cysteine methyl ester hydrochloride
(0.5 g). Dry triethylamine (Et3N; 0.27 cm3) was added to this suspension
dropwise, and the reaction mixture was stirred at room temperature for
12 h under an inert argon atmosphere. Finally, the resulting CysOMe


modified glassy carbon or graphite powder was washed with copious
quantities of chloroform, acetonitrile, acetone, and pure water to remove
any unreacted species.


Determination of CdII Uptake with LSASV


The concentration of CdII remaining in a sample after exposure to
CysOMe-GC powder was determined with an LSASV protocol at a
BDD electrode developed by Banks et al[31] in sodium acetate buffer
(pH 5.0).


The LSASV analysis was carried out on CdII-containing samples with the
following parameters: the BDD electrode was held at a deposition poten-
tial of �1.5 V versus SCE for 60 s with stirring. The potential was then
swept from �1.2 to �0.1 V versus SCE at a scan rate of 0.1 Vs�1. A cad-
mium stripping peak was observed at about �0.8 V versus SCE
(Figure 3). Prior to the analysis of samples with unknown concentrations
of CdII, the linear range was determined with the standard additions
method on a sample consisting of blank acetate buffer. The results show
that the LSASV analytical protocol produced a linear detection range
from 1 to 20 mm with a limit of detection (based on 3s) of 0.96 mm. Where
necessary, samples were diluted prior to analysis so that their CdII con-
centration fell within this linear range.


Standard 1 mm CdII aliquots were then added to the sample being ana-
lyzed, and the unknown CdII concentration was determined by construct-
ing a standard addition plot as shown in Figure 3. The analysis was re-
peated three times, and the reported concentration of CdII remaining in
the sample was the average of these three results


Determination of CuII Uptake with LSASV


The CuII concentration in a sample was determined with the standard ad-
dition method described above and an LSASV protocol as follow-
ings:[25,26] CuII analysis was performed in H3PO4 (0.1m, pH 2.0) with a GC
working electrode and a Ag pseudoreference electrode to avoid the for-
mation of copper(I) chloride precipitates during the electrodeposition;
copper(I) chloride could form if an SCE reference electrode was used
and is problematic for the LSASV analysis. A copper stripping peak was
observed at about �0.1 V versus Ag. The linear analytical concentration
range, with standard additions of CuII (1 mm), was found to be 2–20 mm ;
therefore, all samples were diluted to fall within this range where neces-
sary. LSASV was performed with a deposition potential of �1.5 V versus
Ag, deposition time 30 s, scan rate 100 mVs�1, and scanning from �1.5 to
+0.8 V versus Ag.


Determination of AsIII Uptake with LSASV


LSASV was performed in a solution (10 cm3) of HCl (0.1m, pH 1.0) with
a gold working electrode (diameter 1 mm) and an SCE reference elec-
trode. The LSASV analysis was carried out on samples of relatively high
concentration with the following parameters: deposition potential �0.3 V
versus SCE, deposition time 60 s with stirring for the first 5 s. Then
LSASV voltammetry was performed from �0.3 to +0.4 V versus SCE at
100 mVs�1, step potential 5 mV. Standard aliquots (2.2 mm, 5 mL of a
4.4 mm standard solution) were then added, and the unknown sample
concentration was determined from a standard addition plot. The linear
range for AsIII detection was found to be 2–20 mm with a limit of detec-
tion (based on 3s) of 1.25 mm. Where necessary, solutions were diluted
prior to analysis so that their concentration fell within this range.


For trace analysis, the protocol was modified slightly. The solution was
stirred throughout the entire 60-s deposition time with all other parame-
ters identical to those described above. The standard AsIII solution was
diluted so that a 5-mL aliquot added to the analysis sample corresponded
to a 0.22 mm standard addition, and the resulting voltammetry is shown in
Figure 8. The linear range was determined to be 0–2.2 mm with a limit of
detection of 0.03 mm, therefore it was not necessary to dilute the samples
prior to analysis.
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